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THE ADSORPTION OF CAUSTIC SODA BY CELLULOSE 

WILDER D, BANCROFT and JOHN B. CALKIN^ 

Department of Chemistry^ Cornell University, Ithaca, New York 

Received June H, 1934 

We have shown (1) that purified cotton will take up about 27 per cent 
of water from saturated water vapor at 25®C. when equilibrium is ap¬ 
proached from both sides. Other investigators have approached the equi¬ 
librium only from the lower side and have obtained values of from 21 to 
24 per cent. Leighton (11) tried to reach equilibrium from the upper end 
by using a slow-running centrifuge, and calculated that about 400 per cent 
of water was retained by the cotton. Coward and Spencer (5) used a more 
effective centrifuge, and reported that about 50 per cent of water was re¬ 
tained. We used a modified Foerst centrifuge and got the water content 
down to about 10 per cent, with no certainty that we could not have gone 
lower with a more effective centrifuge. Consequently, it is possible to 
remove some of the adsorbed water or adsorbed solution by sufficiently ef¬ 
fective centrifuging. One must therefore obtain in each case some method 
of recognizing at exactly what point all of the unadsorbed solution or 
mother liquor has been removed. 

When studying the adsorption of caustic soda from aqueous solution by 
cellulose, Vieweg (15) used a method depending on the change in concen¬ 
tration of the solution before and after the cellulose was added. This 
change-in-titer method has been used by practically everyone else, except 
Leighton, Coward, and Spencer, and ourselves (2). A known amount of a 
known concentration of caustic soda is shaken with cellulose. Wlien 
equilibrium is reached, a measured quantity of the supernatant liquid is 
pipetted off and titrated for caustic soda. From the change in titer it is 
possible to calculate the amount of caustic soda adsorbed, provided no 
water is taken up, but not otherwise, (^alkin has shown that the true 
equation for the adsorption is 

G(Xo-X) , XB A 

—S— + T = ^ 

Here G = grams of solvent (water) in caustic soda solution at the start. 

Xo = moles of caustic soda per gram of solvent at the start. 

X = moles of caustic soda per gram of solvent in the supernatant 
liquid when equilibrium is reached. 

* Fellow, The Textile Foundation. 

1 


THU JOURNAL OF PItySICAL CHEM18TRV, VOL. 39, NO. 1 



2 


WILDER D. BANCROFT AND JOHN B. CALKIN 


A su moles of caustic soda taken up by the sample of cellulose. 

B =s grams of solvent (water) taken up by sample of cellulose when 
equilibrium is reached. 

S = grams of cellulose in sample. 

Analytically, the material adsorbed in cases of positive adsorption may be 
considered as adsorbed solution plus excess of adsorbed solute. In CalUn’s 
equation (?(Xo — X)/S represents the excess solute and XB/8 represents 
adsorbed solution. If no water is taken up,Bs=0 and the first term of the 
equation gives the true adsorption. This is the value given by the change- 
in-titer method. If the solution is adsorbed without change, ©(Zo — 
X)/S = 0. These are the two limiting cases, and this was pointed out 
in words, though not algebraically, by Leighton nineteen years ago. It is 
understood by colloid chemists, but is still a closed book to most cellulose 
chemists, especially the German ones. 

Whenever water is adsorbed, as is the case with cellulose, the problem is 
to determine the term XB/S. If we could pipette off and weigh the whole 
of the mother liquor, an analysis of that or of the residue would give us the 
answer. We caimot do this directly and must therefore devise an indirect 
method. 

The situation and the remedy are shown graphically in figure 1, which is 
not to scale. The abscissas represent at will grams of water per gram of 
cotton in the system or grams of water per gram of cotton in the adsorbing 
phase. The ordinates are the correspondii^ values for grams of caustic 
soda per gram of cotton. Suppose we start with 100 g. of such a caustic 
soda solution plus such an amount of cotton that the amounts of water and 
caustic soda are represented by F in figure 1. After equilibrium is reached 
a measured amount of solution is pipetted off and titrated. This gives a 
ratio of caustic soda to water represented by some point on the line OH, 
but we do not know where on that line because we only determine the ratio 
of caustic soda to water and we do not know how much caustic soda or 
how much water there is in the total mother liquor. If we make the as¬ 
sumption involved in the change-of-titer method, that no water is taken 
up by the cotton, then the point is at H where the line OH meets the per¬ 
pendicular from F. The amount of caustic soda adsorbed is given by the 
distance FH. 

If the true position of the point is at D, for instance, the amount of caus¬ 
tic soda adsorbed is FE and of water adsorbed is DE. Our problem is 
to locate D. The simplest way theoretically would be to centrifuge the 
system and to analyze the centrifuged solution from time to time. As long 
as only mother liquor is coming off, the composition will remain constant 
and will be represented by an unknown point on OH. As soon as the 
composition changes, we know that some adsorbed solution is coming off. 



g. NaOH per g. Cotton 
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Analysis of the residual mass in the centrifuge at this moment will give the 
true adsorption, provided no cotton has been lost. 

This was not practical with our centrifuge because the centrifuged liquid 
spattered a good deal and because the final amount to be driven off might 
be so small as to makq the errors of analysis large. Another method was 
therefore tried. Going back to figure 1, we draw F'D' and E'D' such that 
OF' = DE and OE' = FE. D' is then the composition of the cellulose 
phase in equilibrium with a cellulose-free, caustic soda solution whose 



composition is given by the line OH. If we centrifuge the original system 
for different lengths of time and analyze the residual masses, we shall get 
points on FD' so long as we are removing mother liquor only. After we 
pass D', the resulting points will lie somewhere in the rectangle D'E'OF'. 
If the adsorbed solution goes off without change we shall pass along D'O. 
If only water goes off, we shall get the line D'E'. If only caustic soda we 
shall get the line D'F'. Those are the three limiting cases. The point 
D' comes where the straight line FD' breaks. From the observed points 
on FD' and beyond, we can calculate the composition of the coexisting 
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solution. So long as the calculated composition remains constant and cor* 
responds to a point on OH, only mother liquor is coming off. The change 
from the constant value indicates that the system is passing through ly. 
This is the method that we have found most successful. The data for one 
run are given in table 1. 

The cotton used in these experiments (4) was “standard cotton cellu¬ 
lose.” The data shown in figure 5 were obtained with Johnson and John¬ 
son absorbent cotton purified somewhat less rigorously. One hundred 
grams of cotton was placed in the A.C.S. apparatus and the cotton was 


TABLE 1 

Delermination of true adsorption by cotton 


TIME OF CBNTltl- 

CKNTBIFUGIJD COTTON 

centrifuged liquid by differ¬ 
ence 

centrifuged 

LIQUID 

PUalNO 

NaOH per sram 
of cotton 

HjO per gram 
of cotton 

NaOH 

H2O 

NaOH PER ORAM 
op HaO 

Initial concentration: 3,5971 g. of NaOH per gram of cotton, 18.379 g. of H 2 O per 

gram of cotton 

minutes 

1 grama 

1 grama 

grama 

grama 

grama 

0 

Solution in equilibrium with cotton 

0.18832 

i 

1 0.5435 

2.169 

3.0536 

16 210 

0.18838 

i 

1 0.5315 

2.099 

3.0656 

16.280 

0 1883 

1 

0.5172 

2.013 

3 0799 

16.366 

0 18819 

3 

0.5108 

1.983 

; 3 0863 

16.416 

0 1880 


Assumed initial concentration: 0.7008 g. of NaOH per gram of cotton, 3 000 g. of 

H 2 O per gram of cotton 


mtntUea 

grama 

grama 

1 grama 

grama 

grama 

0 

Solution in equilibrium with cotton 

0.18832 

i 

0.5435 

2.169 

0.1573 

0.831 

0.1893 

i 

0.5315 

2.099 

0.1693 

0.901 

0.1879 

1 

0.5172 

2.013 

0.1836 

0.987 

0.1860 

3 

1 0.5108 

1.963 

0.1900 

1.037 

0.1833 


steeped in a boiling solution of 1 per cent sodium hydroxide for If 
hours, after which it was washed by the A.C.S. method. The amount of 
cotton in the centrifuge was about 0.5 g. 

The values entitled “Centrifuged liquid by difference” in the fourth and 
fifth columns are obtained by subtracting the values entitled “Centrifuged 
cotton” in the second and third columns from the corresponding concen¬ 
trations given under “Initial concentration” and “Assumed initial concen¬ 
tration.” The value given under “Solution in equilibrium with cotton” is 
a direct determination. 

The break comes at about the half-minute observation. It can be made 







ADSORPTION OP CAUSTIC SODA BY CELLULOSE 


6 


more sharp by starting with a system containing much less supernatant 
liquid. One could pour off as much of the supernatant liquid as possible, 
weigh and analyze it, and calculate the filtered residue. We have taken 
arbitrarily a point on FD', figure 1, which we knew to be short of D'. The 
calculations in the lower half of table 1 are based on these values. 

Another way of emphasizing the break is to calculate the apparent or 
changc-in-titer adsorption, which is the amount of caustic soda adsorbed 
in excess of that due to adsorbed solution. For this particular case, we 
find 136,135,136,138, and 141 rag. of sodium hydroxide per gram of cotton 
for 0, J, J, 1, and 3 minutes centrifuging, respectively. For an entirely 
different initial solution the values were 27.9, 27.4, 27.9, and 29.2 for 
1, 3, and 5 minutes centrifuging, respectively. Here the break comes after 
the three minutes centrifuging. 


TABLE 2 


True adsorptions of sodium hydroxide and water by cotton 


MOLAUTY OF END SOLVTION 

ADSOKPTION PEB ORAM OF COTTON 

NaOH 

HaO 

M 

grams 

grams 

1.741 


0.701 

3.421 


1.914 

4.040 

0 4938* 

2.290* 

4.708 

0.5315 

2.099 

5.923 

0 5923 

1.894 


* The quarter-minute centrifuging was too long, so these points have been ob¬ 
tained by extrapolation. 


For this work it would be better to have a variable-speed motor to drive 
the centrifuge, as Coward and Spencer did. On a half-minute run there 
might easily be errors due to inadequate time for diffusion. 

Similar runs have been made for other initial concentrations. The calcu¬ 
lated values for the true adsorptions are given in table 2 and figure 2. 

The abscissas in figure 2 are molalities of caustic soda in the solution in 
equilibrium with cotton. The bottom curve represents the apparent ad¬ 
sorption for caustic as given by the change-in-titer method. For 6 molal 
caustic soda the apparent adsorption is about 0.6 mole of caustic soda per 
mole (162 g.) of cotton, while the real adsorption is about 2.4 moles of 
caustic soda per mole of cellulose, an increase of approximately 300 per 
cent. As had been found by Leighton and by Coward and Spencer, the 
amount of water taken up by the cotton first increases with increasing caus¬ 
tic soda and then passes through a maximum. The curve for adsorbed 
caustic soda is smooth and shows no signs of the occurrence in mass of any 
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definite chemical compound in stoichiometric proportions between caustic 
soda and cellulose. 

The general relations are shown in figure 3, where the ends of the dotted 
lines show the compositions of the caustic soda solutions in equilibrium 
with the cotton. The solid curve gives the true adsorptions expressed in 
grams of cotton, water and caustic soda equalling 100. The apparent or 
change-in-titer adsorption curve would be at the real bottom of the dia¬ 
gram, on the line connecting 100 g. of cotton with 100 g. of caustic soda. 
Our value of 27 per cent water taken up by cotton becomes 21.2 when 
plotted in the triangular diagram. 



Even if the change-in-titer method gave true adsorptions instead of con¬ 
taining errors of 300 per cent or so, the data would not justify the conclu¬ 
sions that the German chemists draw from them. In figure 4 is given a 
compilation made by D'Ans and Jaeger (6) of results obtained by Vieweg 
(15), Karrer and Nishida (10), Rassow and Wadewitz (13), Heuser and 
Niethammer (8), Heuser and Bartunek (9), Dehnert and Kdnig (7), and 
Liepatoff (12). With the concentration plotted along the abscissas, the 
presence of two solid phases would show itself by a vertical portion of the 
curve. There is no evidence of any such thing on any curve except that 
by Liepatoff, and the vertical portion of his curve ends at nearly 200 mg. 
of sodium hydroxide taken up per gram of cellulose instead of about 116 
mg. of sodium hydroxide, which would oorrespond to (C«HioO*)a-NaOH. 
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That these data should be so divergent is quite natural in view of the results 
recorded in figure 5, showing the effect of the previous history of the cotton. 




Fig. 4. Sodium Hydroxide Taken up by Chanoe-in-titeb Method 

The table references are to the paper of Bancroft and Calkin (2). By 
working judiciously one can get almost any value of the adsorption that 
one wishes; if one works injudiciously, as most people have done, the sky 
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is the limit. The interesting thing for the moment is that the arrows show 
that one does not pass back along the same curve if one washes out the 
caustic soda, except for very low initial concentrations. The cotton be¬ 
haves toward caustic soda as silicic acid does toward water. In our experi¬ 
ments the different up-curves came together at about 4 molal caustic soda 
or at about 14 per cent caustic soda; this is about the concentration at 
which the x-ray analysis for ramie (14) shows that the change from one 
space lattice to another is complete. Change from one space lattice^to 
another would be expected to change the degree of adsorption, and appar- 



Fig. 5. Sodium Htdboxidb Taken up bt Changb-in-titer Method 

ently it does. This is not the whole thing however. If cotton, which has 
been treated with caustic soda of 14 per cent or more, is washed free of 
caustic soda and dried at about 105®C., the amount of adsorption decreases 
below that of washed cotton which has been dried at room temperature, 
but it does not go back to the value given by the raw cotton. We hoped 
that this meant that a suitable washing and drying reversed the change in 
the space lattice. X-ray tests (3) showed that this was not the case, and 
that the change in the x-ray space lattice is irreversible so far. The revers¬ 
ible part of the adsorption is therefore due chiefly to what one may call a 
sintering effect. 

The general results of this paper are as follows: 

1. The true amounts of adsorption of sodium hydroxide and water by 
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cotton can be ascertained by centrifuging the wet cotton and determining 
the point at which all the mother liquor has been driven off. 

2. The Vieweg change-in-titer method measures only the caustic soda 
taken up in excess of the adsorbed solution and is consequently grossly 
inaccurate for this system. 

3. The curve for the true adsorption of caustic soda by cellulose is a 
smooth curve, indicating that caustic soda is adsorbed by cellulose. There 
is no evidence of the existence in mass of any stoichiometric compound 
between sodium hydroxide and cellulose over the range up to 20 per cent 
caustic soda. 

4. The curves for the apparent adsorption of caustic soda by cellulose 
(change-in-titer method) obtained by the German chemists would not 
justify the assumption of stoichiometric compounds, even if the data were 
true adsorption values, which they are not. 

5. The apparent adsorption of caustic soda.by cotton is a partially irre¬ 
versible process except perhaps for dilute solutions of caustic soda. 

6. The partial irreversibility is due to a change in space lattice, which is 
irreversible so far as the present facts go, and to a swelling which can be 
reversed more or less completely by heating at about 105®C. 

7. The method herein developed for determining the true adsorptions of 
sodium hydroxide and water by cotton is a general method and can be 
applied to many other systems, 

8. No experiments have yet been made on precipitated cellulose to de¬ 
termine the effect, if anj’’, of the fibrous form of the cotton. 

Our thanks are given to the Textile Foundation for a Research Fellow¬ 
ship and for other support, thus making this work possible. 
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Recent work has shown that the free surface energy of a solid, hence its 
wetting characteristics, may be altered much more easily than had pre¬ 
viously been supposed. In view of this fact, it is apparent that the pre- 
treatment of a solid surface must be carefully controlled if significant 
values of its wetting properties are to be obtained. It seems probable 
that failure to consider carefully the exact surface condition of the solid 
accounts for the fact that existing data on wetting properties of solids 
show such an outstanding lack of agreement. 

In recent years much work has been done in an effort to determine the 
wetting characteristics of galena, such information being highly desirable 
in connection with the ore flotation industry. The angle of contact of 
water on galena has been used as a measure of its wetting characteristics 
and there has been a surprising lack of agreement in the data which have 
been obtained. Sulman (11) found the advancing water~air angle for 
one sample of galena to be 73°, and for another 70°, the respective receding 
angles being 35° and 41.6°. Langmuir (9) obtained an angle of 86°, while 
Coghill and Anderson (5) found angles from 45° to 60°. These angles 
were apparently advancing angles. In none of these cases arc we certain 
as to the exact condition of the surfaces. Wark and Cox (12) found an 
^^equilibrium” angle of zero degrees for water upon a galena plate cleaved 
under water, the angle they measured being in reality a receding angle. 
They found that a finite angle was formed if the galena was cleaved in air 
and assumed that the difference was caused by contamination. Reh- 
binder, Lipetz, Remskaja, and Taubman (10) obtained a 47° advancing 
and a zero receding angle for water upon freshly cleaved galena. 

In view of the lack of agreement in the literature concerning galena, we 
felt that a study of this solid should yield information of value. Our 
primary object was to determine the wetting characteristics of the galena 
surface by measurement of contact angles and to study the factors which 
might influence such measurements. This objective led to the investiga¬ 
tion of the following factors: 

1. Different methods for measuring contact angles. 

2. The phenomenon of ^'hysteresis” of the angle of contact, i.e., the 
relation of the advancing to the receding angles. 

11 
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3. The effect of the pretreatment of the solid surface upon the angle of 
contact. 


SIGNIFICANCE OP CONTACT ANGLES 

The degree of wetting or adhesion tension of a liquid against a solid 
has been defined as that change in free surface energy which occurs when a 
solid-air surface is replaced by a solid-liquid interface. The adhesion 
tension is related to the contact angle as follows: 

An = Si cos dn (8), where An represents the adhesion tension, liquid 
against solid, S 3 the surface tension of the liquid, and cos 0 n the cosine of 
the contact angle between liquid and solid in air. 



It has been found from numerous studies in our laboratory that solids 
on which water gives a contact angle greater than approximately 25® 
(cos ^13 = 0.90) are organophilic in nature, i.e., they are preferentially 
wetted by organic liquids, while those givii^ an angle less than 25® are 
hydrophilic (1) and are preferentially wetted by water. The change in 
wetting properties progresses with change in contact angle (or cos 6 n). 

In the present paper we shall express the wetting characteristics of the 
different solids in terms of the cosine of the solid-water-air contact angle, 
cos fli8 (or Kn )—^and shall consider that the solids are organophilic when 
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COS ^18 < 0.90 and that they are hydrophilic when cos 613 > 0.90. Straight 
line graphs, of slope Sa, may be made by plotting ^13 against cos $13 (see 
figure 1 ). The position of a solid on the horizontal, cos Bn, axis will show 
the relative degree of organophilic or hydrophilic nature of the solid. 

QUALITATIVE WETTING TESTS 

Preliminary studies on the wetting characteristics of galena powder yielded 
some rather surprising results. It was found that if the powdered ma¬ 
terial was first wetted with water, an organic liquid could not readily 
be stirred into the resulting paste, while if it was first wetted with an or¬ 
ganic liquid, water could not readily be stirred into it. When the powder 
was packed into a U-tube, or a displacement pressure cell, half of the 
powder being wetted with the organic liquid and the remainder with water, 
no displacement of one liquid by the other occurred. To cause movement 
of the interface in either direction it was necessary to apply an external 
force. Once this force was removed, the line of contact of the interface 
with the solid appeared to remain fixed. 

When these qualitative tests were repeated, using carbon or silica, en¬ 
tirely different results were obtained; the organic liquid would completely 
displace water from the carbon, and water would completely displace the 
organic liquid from the silica. In contrast to the behavior of these two 
solids, galena appeared to be preferentially wetted by either liquid, de¬ 
pending upon which was first present. Thus, if the galena was first wetted 
with water it behaved similarly to the hydrophilic silica, whereas if it 
was first wetted with the organic liquid it behaved as the organophilic 
carbon. It should be stressed that this wetting produced no permanent 
change of the surface. If the powder was dried after being wetted with 
water or with a volatile organic liquid, it behaved exactly as the freshly 
prepared material. 


MATERIALS 

Liquids 

Liquids used in this investigation were water, benzene, n-butyl acetate, 
and a-bromonaphthalene. All were carefully purified, and their densi¬ 
ties, surface tensions, and interfacial tensions (against water) agreed, within 
the limits of experimental error, with the generally accepted values. The 
following surface tension and interfacial tension values respectively (for 
25®C.) were used in our calculations: water, 72.08; benzene, 28.22 and 
34.00; n-butyl acetate, 24.06 and 13.17; a-bromonaphthalene, 44.00 and 
41.67. 
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Solids 

Galena, in the fom of powder, plates, rods, and films was used. In the 
measurement of contact angles by the pressure of displacement method, 

TABLE 1 

Contact angle data for galena by the displacement pressure method {advancing 
air^ater-solid contact angles) 
t •» 26°C. ± 0.10®; r (pore radius) ■- 8.18 X 10~‘ cm. 


SOLID 

DISPLACXMSNT 

PRK8SURB 

I^uCadvancinq) 

i 

cos dis 

A is 

Galena A. 

grams persq. cm 

146 

i 

35.4" 

0.815 

58 7 

Galena B. 

151 

32 5" 

0 843 

60,7 

Galena C. 

154 

31.1" 

0.856 

61.7 

Galena D. 

156 

29.5" 

0 870 

62 7 

Galena E. 

160 

27.1" 

0.891 

64 2 


The receding contact angles for the different samples of galena were all zero 
angles. 


TABLE 2 

Inter facial contact angle data for untreated galena by the pressure of 
displacement method 

t ==» 25°C. ± 0.10°; gallna A (r - 8.18 X 10-‘ cm^)_ 


i 

uQuio ; 

DISPLACE- 

MXNT 

PRESSURE 

8ni cos $ns 

OnS 

cos dnS 
iKni) 

Ain 

Water advancing 

n-Butyl acetate. 

Benzene. 

a-Bromonaphthalene. 


-6 52 
-16.8 
-20 6 

i 

-0 495 
-0 494 
-0.493 

diffies per 
cm. 

66 2 
75.5 
79.3 

Average. 

119 6" 

-0 494 



Water receding 

w-Butyl acetate. 

Benzene. 

30.1 

75.5 

12.1 

30 3 

23 5" 
27.0" 

0.917 

0 891 


Average. 

25.3" 

0 904 



finely ground galena waa used, which had been graded through sieves be¬ 
tween 250 and 300 mesh. The graded galena was first shaken with ace¬ 
tone to remove possible traces of oils, etc., dried, then thoroughly mixed 
in a rotating cylinder. 
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The following table shows the treatments to which the various samples 
of the graded galena powders were subjected: 


Sample Treatment 

Galena A. No further treatment 

Galena B. Heated in air for 2 hours at 180-190°C. 

Galena C.Heated in air for 4 hours at 180-190®C. 

Galena D.Heated in air for 8 hours at 180- 190°C. 

Galena E.. . Heated in air for 24 hours at 180~190°C. 


TABLE 3 


Interfacial contact angle data for galena A heated in air at ISO-iOO'^C, for different 
lengths of time; pressure of displacement method {water advancing) 
t » 25T, ± 0.10"; r « 8.18 X 10-* cm. 


LIQUID 

DIBPLACB- 

MENT 

PRE«aURE 

Oln 

Sascmdni 


CO»8ni 

(Anj) 

Ain 

Heated 2 hours = galena B 

Benzene 

a-Bromonaphthalene. . 

-33 0 
-42 2 

0® 

0" 

-13 3 
-16 9 

113 0" 

114 0" 

-0 390 
-0 407 

dynes per 
cm. 

74 0 

77 6 

Average ... 

113 5" 

-0 398 


Heated 4 hours * galena C 

Benzene 

o-Bromonaphthulene 

-24 2 
-30 4 

O 0 

O O 

-9 71 
-12 2 

1 106 6° 
107 0" 

-0 286 
-0 290 

71 4 

73 9 

Average. . 

106 8" 

-0 288 


Heated 8 hours = galena D 

Benzene ... 

-17 1 

0" 

-6 87 

101 7" 

-0 202 

69.6 

Heated 24 hours = galena E 

Benzene. 

-10 9 

0" 

-4 38 

97 4" 

-0.129 

68 6 


EXPERIMENTAL 

In the course of this investigation four different methods for measuring 
the angle of contact were used, namely: (a) a pressure of displacement 
method; (b) a horizontal plate method; (c) a vertical rod method; and (d) 
a deposited film method. In the following section these four methods, 
together with the apparatus and its manipulation, will be discussed. 

(a) Pressure of displacement method for the measurement of contact angles 

The pressure of displacement method used was that described by Bar- 
tell and Walton (4). Both the advancing and receding contact angles 
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were determined for the different galena-water-air systems and the differ¬ 
ent galena-water-organic liquid systems. The results obtained for the 
former systems are given in table 1, and for the latter systems in tables 2 
and 3. The cosines of the different contact angle values galena-water- 
air (i.e., cos 0n values) are plotted against adhesion tension values (ilw) 
in the wetting characteristics graph in figure 1, and the cosine of the inter¬ 
facial contact angle values (i.e., cos 6^ or Kn» values) are plotted against 
adhesion tension values in figure 2.* 

The adhesion tension values, .4i«, for the organic liquids against the 
different galenas were calculated from the advancing galena-^ater-air 



cos 9|3 (os K„) 

Fio. 2 

and galena-water-organic liquid contact angle values from the equation 
.4 i8 — Au = S,a cos 6ni (3). The results were found to be in agreement 
with the linear relationship noted for simifar ssrstems by Bartell and 
Bartell (1). The effect of the heat treatment was similar in nature to that 
observed by Bartell and Walton (4) for stibnite, the powder becoming less 
organophilic the longer the period of heating. 

* The adhesion tension versus cos 6„t or Knt values shown in figure 2 were plotted 
according to the relationship observed by Bartell and Bartell (1) and were determined 
by their empirical equations: Tn„ - 12.8 - (where rih, is the slope of the organic 
liquid line and Snt the interfacial tension water-organic liquid), and equation Au - 
mnK„t + 66.2 (where Au •• adhesion tension of the organic liquid against the solid 
of corresponding Kni value). The position of each solid on the horisontsl axis (i.e., 
the wetting characteristics value) was determined from the galena-water-organic 
liquid systems, being the average of the cosines of the interfacial contact angles. 
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It will be noted that according to the advancing angles all the samples 
are organophilic in nature, while according to their receding angles they 
are all hydrophilic. It Will be noted also that all the advancing inter¬ 
facial angles for a given sample of galena give the same value. Likewise 
all the receding values are practically the same. 

From the above discussion it is evident that galena, from the standpoint 
of its wetting characteristics, acts as two different solids depending upon 
whether or not it is wetted with water. Thus the pressure of displacement 
method quantitatively confirms the qualitative tests, previously cited, re¬ 
garding the wetting characteristics of galena. 

The values obtained for galena by the pressure of displacement method 
were duplicable to within =fc2 per cent. This deviation was slightly 
greater than that which has previously been found for the method (±1 
per cent), the cause lying in the nature of the solid. 

If we have a water-organic liquid interface in a membrane composed of 
galena powder, neither liquid will displace the other until a definite pres¬ 
sure is applied, the pressure necessary to cause the water to displace the 
organic liquid corresponding to the advancing contact angle value, and 
that necessary to cause the organic liquid to displace the water correspond¬ 
ing to the receding contact angle value. The system is apparently stable 
anywhere between these two limits. If, at any time in the course of the 
determination, the pressure falls to a value between those corresponding 
to the advancing and the receding contact angles, the pressure will remain 
at this value, there being no tendency for the interface to move and build 
up the pressure. 

Since there was reason to believe that the surface of the original finely 
divided particles of powder might have been altered during their prepara¬ 
tion (i.e., oxidized during the processes of grinding, sieving, and mixing), 
it was decided to attempt to obtain a fresh non-worked and non-oxidized 
surface. Crystals of galena were therefore cleaved, and measurements 
were made of angles formed by drops of water upon the cleaved surface. 
This method will be referred to as the horizontal plate method, 

(b) Horizontal plate method for the measurement of angles of contact 

This method consisted essentially in measuring the dimensions of small 
drops of a liquid resting upon a plane solid surface. Since small drops 
are approximately segments of spheres, the angle of contact may be calcu¬ 
lated from their height and diameter, using the following equation: 



where h is the height of the drop, and r is the radius of the drop. 
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A freshly cleaved surface of the solid was placed in a small covered ab¬ 
sorption cell having plane glass sides, the atmosphere within the cell hav¬ 
ing previously been saturated with the liquid the contact angle of which 
was to be measured. A small drop of the liquid was then introduced upon 
the surface of the solid. The height and diameter of this drop were meas¬ 
ured by means of a cathetometer. The direction of motion of the liquid 
(i.e., advancing or receding) was controlled by adding or withdrawing 
liquid from the drop. One set of representative results is given in table 4. 

Each of the determinations gave a zero receding water-air angle, but 
the finite advancing values were very erratic and varied by as much as 
30®. The cause for this variation, we believe, lies in the methods used for 
introducing the liquid drop onto the solid surface. Several different 
methods were tried, the drop being added by means of a glass rod, a small 
glass pipet, and from a paraffin-coated rod, but none proved entirely 
satisfactory. It is almost impossible to place a liquid drop upon the solid 

TABLE 4 

Contact angle data for water upon freshly cleaved galena surfaces by the 
horizontal plate method 
t - 25°C. ± 1.0° 


BXPBRIMXNT 

Bn 

(ADVANfTNG) 

Bia 

(RBTBDINn) 

1 

7^^ \ 

0" 

2 



3 



4 

57*’ 

0° 

5 

67*^ 

' 0=^ 


by means of a pipet or rod, and remove the pipet or rod without causing 
some vibration during the process. This vibration will cause the drop 
momentarily to flatten, the result being that the angle will exceed the 
advancing value and spreading will occur. Since this system is appar¬ 
ently stable with contact angles anywhere between the characteristic ad¬ 
vancing and receding values, it will remain at an intermediate value. 
Some of the liquid is very apt to adhere to the rod or pipet upon its removal, 
and this also may cause the angle to be lower than the true advancing value. 
In spite of the common usage of this method, the importance of these 
sources of error has not been sufl&ciently stressed and different investiga¬ 
tors have failed to take them into consideration, the result being that their 
advancing contact angle values have been too low. 

The results of these measurements led us to believe that were it possible 
to cause the line of contact to advance slowly or recede slowly, one might 
obtain definite and characteristic values. Accordingly, the vertical rod 
method (2) was next tried. 
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(c) Vertical rod method for the measurement of angles of contact 

A small freshly cleaved rod of the solid (approximately 3.0 X 3.0 X 
12.0 mm.) was held in a vertical position in such a manner that it could be 
slowly raised or lowered. The rod was carefully adjusted to such a posi¬ 
tion that two of its sides were parallel to the plane of light entering the 
camera. The rod was then slowly lowered until it extended through the 
liquid surface, the liquid being contained in a small glass absorption cell 
having parallel plane sides, and the line of contact of the liquid surface 
with that of the rod was photographed. The advancing liquid-air con¬ 
tact angle was measured from the resulting photographic plate. The rod 
was then slowly raised until the liquid gradually receded from its surface, 
and the receding liquid-air contact angle thus formed was photographed. 

TABLE 5 


Contact angle data for galena by the vertical rod method; alteration of surfaces by 

healing in air 

t = 25®C. ± 1.0°; time of heating =» 1 hour 


1 

SAMPLE 

TEMPERATrBE 
OF HEATINO 

^13 

cos 

Kra 

(calcu¬ 

lated) 

An 

Galena F (untreated). 

Galena G. 

Galena H. 

Galena I.. . . 

Galena J . 

Galena K , . 

degrees C. 

26 

100 

200 

300 

400 

5(M) 

1 

90“ 

78“ 

53“ 

32“ 

24“ 

0“ 

0.0 

0 21 

0 00 

0 85 

0 91 

1 0 

-5 09 
-3 9 
-1 7 
-0 33 

0 03 
>0 54 

dynes per 
cm. 

0 

15 1 

43 4 
61.3 

65 6 
>72 1 


The value of the advancing water-air contact angle obtained with this 
method was 90° (cos Ois — 0), and the value of the receding angle was zero 
(cos ^ 13 = 1). Since the advancing water-air angle obtained by this 
method was much larger than that obtained by the displacement pressure 
method, tests were carried out on cleaved rods which had been heated at 
given temperatures for definite periods of time. The results obtained with 
such rods arc given in table 5. 

The data obtained have been placed upon the graph in figure 1 (accord¬ 
ing to Bartell and Bartell (1)). It will be noted that the wetting charac¬ 
teristics were greatly altered by the heat treatment, passing from the 
strongly organophiiic condition (cos ^is = 0) to progressively lesser organo- 
philic conditions and finally to what appears to be a definitely hydrophilic 
condition. 

The contact angles measured upon freshly cleaved galena surfaces by 
the vertical rod method were duplicable to within ±3°. The advancing 
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water-air angles of contact upon the heat-treated galena rods were con¬ 
siderably less duplicable, the cause apparently lying in the uneven altera¬ 
tion of the surface of the rods. 

The results with the vertical rod confirmed our earlier views that failure 
to obtain definite and reproducible values with the horizontal plate method 
was caused by our inability to alter gradually the solid-liquid-air point of 
contact. Better control of the drop on the plate could be obtained by 
bringing the liquid through a hole in the plate, causing the drop to expand 
or contract. Since the drilling of galena plates offered some difficulty, 
and inasmuch as it is rather difficult to obtain perfectly smooth and plane 
surfaces by the cleavage of crystals, a method was devised which enabled 
us to accomplish the objectives mentioned above. This method will be 
referred to as the deposited film method. 

(d) Deposited film method for the measurement of angles of contact 

Numerous investigators have obtained mirror surfaces of various sub¬ 
stances by slowly distilling the material in a high vacuum and condensing 
it upon the object it is desired to coat. We have employed this method in 
the preparation of surfaces for contact angle measurements. 

In recent years considerable work has been carried out on the structure 
of deposited films. Finch and Quarrell (7) found that very thin films 
showed a distortion of crystal units, these tending to fit the lattice of 
the material of the base upon which they were deposited. They found the 
crystal structure of thicker films to be normal, the surface having a random 
orientation unless heated. In such a case orientation occurred. Dixit (6) 
found the orientation to be independent of the nature of the base, provided 
its surface was smooth and amorphous. This work appears to show that 
freshly deposited surfaces should be ideal for our purpose, provided the 
film is deposited upon a smooth and amorphous base. 

The substance to be studied was deposited upon a polished glass surface 
having a small hole through the center (i.e., a tip, see figure 3). A drop 
of the liquid, the contact angle of which was to be measured against this 
solid, was introduced onto the surface by forcing the liquid up through 
the hole, and the angle of contact formed was then photographed. By 
proper manipulation of the apparatus both advancing and receding angles 
could be measured. 

The method used in measuring the angles formed upon these deposited 
surfaces was a modified horizontal plate method. The arrangement for 
running the liquid out onto the plate permitted accurate control of the 
movement of the drop. Moreover, the S3^tem was comparatively free 
from vibration. In order to insure true advancing and receding values, 
the angle was photographed while the liquid was moving very slowly. 
The surface of the solid must not be in an inverted position if materials 
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giving an angle greater than 90® are used, as in such a case the drop ad¬ 
vances to approximately 90®, elongates, and then falls off. 

Data for advancing and receding water~air angles upon these different 
deposited films are given in table 6. It will be observed that the water- 




Fig. 3. Apparatus for the Measurement of Angles of Contact in an 
Inert Atmosphere by the Deposited Film Method 

A, tip; B, cap and seal; C, tungsten leads; D, heating coil; E, tip support; F, plane 
glass windows; G, vacuum outlet. 


TABLE 6 


Contact angle values of water upon deposited films 
t =» 25^0. db 1.0° 


MATERIAL 

du 

(advancing) 

(receding) 

Lead sulfide. 

90° 

0° 

Arsenious sulfide. 

97° 

0° 

Bismuth. 

110° 

0° 

Sulfur. 

98° 

66° 

Biphenyl. 

o 

o 

35° 

Naphthalene. 

1 103° 1 

CO 

o 


air contact angles formed upon galena surfaces were the same as those 
which were found by the rod method, using freshly cleaved, unheated 
galena. 
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The angles of contact measured by this method were duplicable to within 
±3®. The method has a very wide range of applicability. Other inves¬ 
tigators have used the vacuum sublimation process for the preparation of 
mirror surfaces of practically all of the metals, a large number of salts, and 
several oxides. Our own work has indicated that many sulfides and or¬ 
ganic materials would give good mirror films. Results obtained for some 
of these systems are given in table 6. The method should also be applic¬ 
able to materials which are very readily oxidized by exposure to the atmos¬ 
phere, as slight modifications in the design of the apparatus would allow 
the determination of contact angles upon these deposited films to be carried 
out in an inert atmosphere, or even in vacuo (see figure 3). Work is being 
extended along this line. 

We believe that the process for preparing fresh mirror surfaces of various 
solids by sublimation of the material in vacuo could be advantageously 
used in the preparation of surfaces for the measurement of contact angles 
by other methods. 

DISCUSSION OP METHODS AND RESULTS 

A study of the methods used in this investigation for the measurement 
of contact angles reveals that each of the methods may be satisfactory for 
certain systems. 

The pressure of displacement method gives duplicable and apparently 
significant results. It is the only method suitable for use with powdered 
materials. In case the surface properties of a solid become altered in the 
process of pulverization (which may sometimes be the case), this method 
obviously would not give values characteristic of an uncontaminated sur¬ 
face of the pure substance. 

The horizontal plate method as generally employed is suitable for use 
with certain substances, but not for substances which give dual contact 
angles (advancing and receding angles), each of which is apparently 
stable, unless some means is employed to control very accurately the 
spreading of the drop. 

The vertical rod method appears to give reliable results with those sub¬ 
stances which will give clean smooth surfaces of proper shape. 

The deposited film method is primarily suited for the determination of 
angles of contact upon pure materials, films of which can be formed by 
sublimation. This method offers greatest possibilities in fundamental 
studies of pure and uncontaminated surfaces. 

Results obtained with the vertical rod method and with the deposited 
film method indicated that with a strictly clean galena surface the 
galena-water-air advancing contact angle is one of 90®, and that the 
receding angle is zero. 

Results obtained using powdered galena and the pressure of displace- 
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inent method indicated that the surface of the powdered galena used was 
less organophilic than was that of the freshly cleaved or freshly sublimed 
galena used in the vertical rod method and in the deposited film method. 
By heat treatment the galena used in the vertical rod method could be 
caused to approach in surface properties the powdered galena. In these 
cases it is believed the change in surface properties was caused by oxidation. 

A study of all the results obtained with galena indicates that this solid 
has surface properties quite different from other solids previously studied 
by us (as carbon and silica), in that it gives widely different and appar¬ 
ently stable advancing and receding contact angles and in so doing appears 
to function either as an organophilic or as a hydrophilic solid depending 
upon whether it is first wetted by an organic liquid or by water. From 
data given in table 6, obtained with the film method, it appears probable 
that other substances will be found to possess properties similar to those 
exhibited by galena. 
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THE BROWN GEL 

The interaction of solutions of ferric salts and soluble bases gives a highly 
gelatinous precipitate of hydrous ferric oxide, frequently misnamed ferric 
hydroxide. The composition and other properties of this brown gel de¬ 
pend upon the conditions of formation and the age of the sample. Heat¬ 
ing under water (1,4, 5, 8,12) or dilute salt solutions (2) for a long time, or 
aging at room temperature (14) for a much longer time, gives an almost 
anhydrous, more or less brick-red product. X-ray analysis by Bohm (2) 
showed that boiling in the presence of water, potassium chloride, or am¬ 
monium chloride solutions gives a-Fe 203 , whereas aging at 150®C. in the 
presence of 2 M potassium hydroxide gives a-Fe 203 -H 20 . Katsuria and 
Watanabe (9) obtained the a-Fe 203 x-ray pattern from a gel heated to 
150®C. in an autoclave. Nichols, Kraemer, and Bailey (11) obtained the 
a-Fe 208 pattern for the coagula from aged sols. 

Although all the evidence points to the aged gel being a-Fe 203 , it is 
generally agreed that the x-ray diffraction pattern of the freshly precipi¬ 
tated oxide shows no lines or bands (2,3,6,7,15). The results of a system¬ 
atic study of the transformation from the brown gel to a-Fe 203 are given 
in the following section. 

Aging under water and ferric chloride solutions 

* 

Tlie brown gel was precipitated at about 20®C. by the addition of 300 cc. 
of 15 M ammonium hydroxide to 1 liter of 0.2 M ferric chloride solution. 
The precipitate was washed with dilute ammonia by the use of the cen¬ 
trifuge until free of chloride, and finally with water until only a trace of 
ammonia remained. Samples of the washed brown gel were aged as indi¬ 
cated in table 1. X-ray anal 3 rsis of the products shows that, although no 
lines or bands can be detected in the original gel, the lattice of a-hejOa ap¬ 
pears gradually upon aging in the cold, and more rapidly at lOO^C. In 
figure 1 are given densitometer cur\’es (10) of the x-ray negatives for the 
products aged at 100°C. These show clearly the progress of the trans¬ 
formation from the brown gel to a-FejOa. 
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Aging in the presence of electrolytes 

Since the results in table 1 show that the presence of ferric chloride de- 
lasrs the transformation from the brown gel to a-FejOs, a systematic study 
of the effect of added electrolytes was undertaken. The brown gel was 
precipitated at 32°C., as described above, and all washings were carried out 
by decantation without using the centrifuge. The washing was facilitated 
by this procedure, since the matting of the precipitate was avoided. 
Samples were aged in the presence of ammonium hydroxide, ammonium 
chloride, ferric chloride, and hydrochloric acid. Ten additional samples 
were aged under pure water as a control experiment. The results are 

TABLE 1 


Aging of Fe»Os-i;HsO in the presence of water and ferric chloride solutions 


AOINO 

MBDIUM 

TSMt>BBA> 

TURK 

TIME OF AGING 

RESULTS OBTAINED BY X>BAY ANALYSIS 

COLOR 

Water 

Room 

0 

No lines or bands visible 

Brown 


tern- j 

8 days 

No lines or bands visible 

Brown 


pera- 1 

3 months 

No lines or bands visible 

Brown 


ture 

5 months 

One or two weak broad bands 

Brown 



6 months 

Weak a-FegOg pattern 

Brown 



1 year 

Good a-FegOg pattern 

Brick-red 



2 years 

Good a-FegOg pattern 

Brick-red 

Water 

100"C. 

0 

No lines or bands visible 

Brown 



1 hour 

a-FegOi pattern, broad bands 

Brown 



2“16 hours 

a^FegOg pattern, broad lines 

Brick-red 


1 

19 hours 

a-FegOg pattern, sharp lines 

Brick-red 

Ferric 

1 

100°C. 

0 

No lines or bands visible 

Brown 

chloride 


1 hour 

a-FegOg pattern, few broad 

Brown 

Bolution 



bands 




6 hours 

a-FegOg pattern, few broad 

Brown 




bands 




24-36 hours 

a-FegOg pattern, broad lines 

.>__ __ 

Some brick-rcd 


summarized in table 2. It is apparent that added electrolytes retard or 
prevent the transformation from the brown gel to a-FejOs. The higher 
temperature of precipitation of 32®C., as compared with 20®C. in the pre¬ 
ceding experiments, allowed the transformation to proceed more rapidly. 
This conclusion is further substantiated by the observation that a separate 
sample, precipitated at 100®C. and cooled rapidly to room temperature, 
gave a good pattern of a-FejOj without further aging. 

THIESBBN AND KSPPEN’s “hYDBATES” 

Thiessen and KSppen (17) have recently reported the preparation of a 
series of ferric oxide hydrates by the slow hydrol 3 r 8 is of ferric ethylate. 
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From breaks in dehydration isotherms they deduce the formation of Fe*Oi • - 
nH|0 where n = 4, 7/2, 3, 5/2, 2, 3/2, 1, 1/2, and probably 5 and 9/2. 



Fio. 1. Densitomxtbr Cubvbs fob FcjOj-arHsO Aged undbb Water at 100*C. 
Time of aging in hours: (1) 0; (2) 1; (3) 2; (4) 4; (5) 19 

The existence of such a series of oxide hydrates is so unusual that it seemed 
advisable to confirm or disprove Thiessen and KSppen’s experiments. 
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Deposits a yellow sediment (probably ^S-FejOa^HsO). 
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Preparation of ferric ethylate 

Samples of ferric ethylate were prepared by the interaction of solutions 
of anhydrous ferric chloride and sodium ethylate in absolute alcohol. In 
the first experiments the alcohol was dehydrated with metallic calcium, as 
was done by Thiessen and Koppen. At all times the apparatus and solu¬ 
tions were protected from the action of moisture in the air by the use of 
large drying towers containing calcium chloride and phosphorus pentox- 
ide. A solution 15 millimolar with respect to ferric oxide in absolute alco¬ 
hol was prepared from the ferric ethylate. Moisture from the air was al¬ 
lowed to diffuse into the solution, causing a slow hydrolysis which was 
complete at the end of three or four weeks, the exact time depending upon 
the atmospheric conditions prevailing during the hydrolysis period. Sev¬ 
eral samples prepared in this way were separated from the supernatant 
liquid and washed thoroughly, using the centrifuge, with alcohol alone 
or first with alcohol and then with water. The samples washed with alco¬ 
hol alone contained considerable adsorbed alcohol, which was largely re¬ 
moved by washing with water. The following anal 3 rtical results are typi¬ 
cal: Sample washed with alcohol alone: FejO* = 68.03 per cent; H 2 O = 
24.53 per cent; C 2 HSOH = 7.54 per cent. Sample washed with alcohol 
and with water: Fe 203 = 64.14 per cent; H 2 O = 34.85 per cent; C 2 H 6 OH 
= 1.01 per cent. The amount of adsorbed alcohol was determined by a 
combustion nj^od.^^The samples actually used in dehydration experi¬ 
ments were aillwv&j|l|8hed with water to remove excess alcohol. Since 
only 1 per ce alcohol remained in the samples washed in this 

way, its pres^|||| may be neglected in the dehydration experiments de¬ 
scribed in the next section. 

In a second series of experiments an improved method of drying the alco¬ 
hol was adopted (16). “Absolute alcohol” was further dried with excess 
metallic calcium and distilled directly into a carefully dried flask contain¬ 
ing metallic sodium and ethyl oxalate. Traces of water in the alcohol react 
with the sodium ethylate to give alcohol and sodium hydroxide. The re¬ 
action is shifted in the desired direction by allowing the sodium hydroxide 
to hydrolyze the ethyl oxalate, giving alcohol and sodium oxalate. The 
resulting highly anliydrous alcohol was distilled directly into the reaction 
vessels containing anhydrous ferric chloride and metallic sodium. The 
solutions of ferric chloride and sodium ethylate were mixed, giving ferric 
ethylate. The entire apparatus and solutions were protected from the 
action of moisture in the air by calcium chloride and phosphorus pentoxide 
towers. The slow hydrolysis of tliis sample of ferric ethylate was carried 
out in warmer weather than the first; hence the resulting ferric oxide gel 
contained less adsorbed water than the first preparation. 
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Dehydration isotherms 

The samples of hydrous ferric oxide prepared as described above were 
dehydrated isothermally in an apparatus shown in figure 2, which needs 
no further description. The general method of procedure consists in 
pumping off a definite amount of water and measuring the vapor pressure 
of the resulting product at constant temperature by means of a manom¬ 
eter filled with “vacuum pump oil” of known density. In the case of the 
sample made from the alcohol dried with metallic calcium only, the weighed 
sample was sealed into the weighed tube, A, and changes in composition 



were followed by closing the stopcock and reweighing the tube with con¬ 
tents. Ts^pical isotherms are given in figure 3. 

An improvement was made in the apparatus used in the isothermal de¬ 
hydration of the samples made from the drier alcohol. Tube B was sub¬ 
stituted for tube A, and changes in composition were followed by collect¬ 
ing the water vapor in a drying tube filled with magnesium perchlorate 
trihydrate. Otherwise the apparatus was unchanged. Typical isotherms 
for this sample are given in figure 4. The equilibrium pressure at a given 
temperature and composition is established in half an hour or less. The 
pressure was read only after it had remained constant for half an hour. 
It is obvious that the isotherms contain no breaks which would suggest 
the existence of hydrates in the gel. We have no explanation to offer for 
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the series of breaks at just the right place in the isotherms of Thiessen and 
Koppen. Since these observers made no statement to the contrary, it is 
probable that they neglected to remove the alcohol from their samples 
before dehydration. This might account for one point of inflection in the 




Fig. 4. Dehydration Isotherm for Fe208-:tH20 


curve, but it would come at a point corresponding to a hydrate only by 
accident. 


X-ray analysis 

The freshly precipitated samples, either unwashed, washed with alcohol, 
or washed with both alcohol and water, gave x-ray patterns showing no 
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lines or bands. A sample washed with water and heated to about 186®C. 
gave a weak pattern corresponding to a-FeiOa. The broad bands indicated 
extremely small particle size. 

HYDBOLTSIS OF FEBBIC SALTS 

A. Ferric sulfate 

The system Fe20s-S0j-H20 has been examined in detail by Posnjak 
and Merwin (13,18), using phase rule methods. These investigators have 
proven that a-Fe 203 -Hj 0 may be prepared by the hydrolysis of ferric sul¬ 
fate at low concentrations and at temperatures below 130'’C. More con¬ 
centrated solutions give a basic salt of composition 3Fe203-4S08-9H20. 
The following experiments are in agreement with these observations. 
Solutions of ferric sulfate were prepared as indicated in table 3. The solu¬ 
tions were heated to the boiling point on a hot plate, using reflux condensers 
to prevent loss of water vapor. The more dilute solutions gave a-Fe20i« 

TABLE 3 


Hydrolysis of ferric sulfate solutions 


CONCKNTBATXON 

COLOB OP PRBCIPI- 
tatb 

8OUD phase lOENTiniD BY X-BAY ANALYSIS 

Af 



1.00 

Yellow 

Mostly basic sulfate 

0.50 

Yellow 

Mostly basic sulfate 

0.25. 

Yellow 

Mostly basic sulfate 

0.10 

Yellow 

Mostly basic sulfate 

0,05 

Yellow 

Mostly basic sulfate 

0.01 

Yellow 

Mostly a-FegO*»HgO 


H 2 O, while the yellow precipitate obtained in the more concentrated solu¬ 
tions gave the same x-radiogram as the basic salt reported by Posnjak and 
Merwin. 


B, Ferric nitrate 

A solution containing 25 g. of ferric nitrate hexahydrate per liter was 
heated slowly to 100°C. on a hot plate; a yellow precipitate was obtained 
which gave the x-ray pattern for ce-Fe202-H20. A 0.1 iST solution was 
allowed to stand at room temperature for about seven months. This was 
likewise identified as a-Fe 203 -H 20 . More concentrated solutions were 
not examined. Simon and Schmidt (15) dialyzed a ferric nitrate solution 
and examined the precipitate from the resulting sol by x-ray diffraction 
methods. The pattern was reported as being different from a-Fe 203 ; it 
was probably that for the a-monohydrate. 
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C. Ferric bromide and oxalate 

Hydrolysis of ferric bromide and ferric oxalate gives a yellow precipitate 
which was proven by x-ray analysis to be a-Fe 203 -H 20 . 

D. Ferric chloride 

Slow hydrolysis of ferric chloride solutions, either dilute or concentrated, 
always gives a third polymorph of ferric oxide monohydrate, which has 
been designated elsewhere (20) as jS-FesOa-HaO. 

E. Ferric acetate 

Fifteen years ago one of us (19) found that boiling freshly prepared 
ferric acetate solutions gave a brick-red colloid or precipitate, whereas 
solutions aged for ten days or more before boiling gave a definitely yellow 
colloid or precipitate. At that time the available evidence pointed to the 
conclusion that this yellow product consisted of hydrous ferric oxide, differ- 


TABLE 4 

Slow hydrolysis of ferric salts 


8A1.T UPBD 

PRODUCT IDENTIFIED BY X-RAY ANALYSIS 

Sulfate 

tt-Fe 205 i’H 20 or 3Fe208*4803*91120 

Nitrate 

a-FezOa-HzO 

Nitrate inoculated with a trace of /3- 
Fe20ill20 

a-Fe 203 H20 

Bromide 

tt“Fe208* H 2 O 

Oxalate 

a-Fe208*H20 

Chloride 


Acetate 

a-FczOj.HiO 


ing from the red-brown and brick-red varieties only in particle size. These 
experiments have been repeated, and the yellow product has been identi¬ 
fied as a-Fe 203 H 20 and the brick-red powder as a-Fe 203 . 

Rapid hydrolysis of ferric salts always yields a-Fe 203 , and slow hydroly¬ 
sis, except in the case of the chloride, yields the a-monohydrate. Slow 
hydrolysis of the aged ferric acetate solutions in the cold gives nuclei of 
a-Fe 203 -H 20 , which determine the course of the reaction at higher tem¬ 
peratures. 

Table 4 summarizes the results obtained by the slow hydrolysis of vari¬ 
ous ferric salts. 


SUMMARY 

The brown gel formed by the interaction of solutions of ferric salts and 
bases in the cold gives an x-radiogram showing no lines or bands. Aging 
under water of the oxide freshly precipitated in the cold for a few weeks or 
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months at room temperature or a few hours near the boiling point brings 
about a transformation from the brown gel to brick-red a-FejOj, Excess 
electrolsrtes retard or prevent the transformation. X-ray examination of 
the products formed by systematic aging of the original gel indicates that 
the transformation consists in the growth of particles too finely divided to 
give a characteristic x-radiogram, to ciystals of a-FejOs large enough to 
give sharp diffraction lines. Gels thrown down near 100®C. give at once a 
weak x-radiogram of a-FejOs. 

Dehydration isotherms of the ferric oxide gel formed by the slow hydroly¬ 
sis of ferric ethylate show no breaks indicative of the existence of definite 
hydrates. This is contrary to the results of Thiessen and Koppen. 

Rapid hydrolysis of ferric salts gives a brick-red precipitate identified 
by x-ray analysis as a-Fe208. Slow hydrolysis of ferric salts gives a yellow 
precipitate of hydrous o-FejOs-HjO, except in the case of ferric chloride 
where /S-FejOs-HjO is formed; ferric sulfate gives either a-FejOg-HjO or a 
definite basin sulfate, depending on the conditions. 
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1. INTRODUCTION 

Freundlich^s observations (5) indicated a general relationship between 
adsorption and solubility and an apparent parallelism between surface 
tension lowering and extent of adsorption. Langmuir (20, 21) and Har¬ 
kins (14 to 17) developed indejKmdently the idea of molecular orientation, 
first suggested by Hardy (11 to 13), and gave a definite picture of the ar¬ 
rangement of solute molecules at interfaces. Still later, in investigating 
the mechanism of bacterial action, Quastel and his coworkers came to the 
conclusion that there are certain active centers “characterized by the 
possession of particular groupings which are able to adsorb a particular 
type of structure. A relatively large number of substances can be ad¬ 
sorbed in this specific manner, but out of this number only a few can be 
activated to act as hydrogen donators^^ (36). This work demonstrates 
the importance of molecular structure in specific adsorption. 

The literature, although it shows the importance of chemical configura¬ 
tion in adsorption phenomena, reveals no adequate study of several struc¬ 
turally related compounds on a single interface over any concentration 
range or any reasonable basis for comparison. This study was accordingly 
undertaken to compare the influence of certain groupings in typical or¬ 
ganic acids on the adsorption of these compounds from aqueous solution 
within definite concentration ranges, using a single and comparable inter¬ 
face. 

^ Paper No. 1291, Journal Series, Minnesota Agricultural Experiment Station. 
Greatly condensed from a thesis presented by E. R. Linner to the Graduate School 
of the University of Minnesota in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy, June, 1934. The detailed tabular experimental data 
are all included in a manuscript copy on file in the Library of the University of Min¬ 
nesota. Photostatic copies of the detailed tables may be obtained approximately 
at cost from the University of Minnesota. 
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II. HISTORICAL 

Surface tension lowering by solute and its relation to adsorbability 

Following the establishment of the Freundlich (5) equation for adsorp¬ 
tion, most studies dealt either with the relationships between solubility 
and adsorption or with the dependence of the phenomenon on surface ten¬ 
sion lowering by the solute molecule. Freundlich has cited examples of a 
few substances which are strongly adsorbed from aqueous solution but 
which depress the surface tension of water only slightly, e.g., succinic acid 
and benzoic acid, together with some of the derivatives of the latter. Glu¬ 
cose, lactose, and cane sugar, although they raise the surface tension of 
water markedly, are all comparatively well adsorbed. Michaelis and 
Lachs (24) noted other exceptions, among them citric acid. King and 
Wampler (19) have shown that tartaric acid is negatively adsorbed at an 
aqueous interface, and that while fumaric acid has little effect on the sur¬ 
face tension of water, its isomer, maleic acid, lowers it slightly. Although 
the first three members of the series of dicarboxylic acids are positively 
adsorbed at an air-water interface, the effect is relatively small. However, 
all these compounds are adsorbed by charcoal and there is positive evi¬ 
dence that, to the limits of its solubility, fumaric acid is adsorbed to a 
greater extent than is maleic. Accordingly there can be no direct paral¬ 
lelism between surface tension lowering and adsorption. 

Solubility and adsorption 

Freundlich (5) pointed out that while there is a general relation between 
the solubility and the adsorbability of a solute there are still notable ex¬ 
ceptions, e.g., benzenesulfonic acid and sulfanilic acid. The latter, though 
it is less soluble than the former, is less strongly adsorbed. The very 
soluble mellitic acid is strongly adsorbed. According to de Izaguirre 
(Freundlich (6) addenda, p. 817) in the case of maleic and fumaric acids 
and of citraconic and mesaconic acids, adsorption decreases with increas¬ 
ing solubility. Alekseevskii (1) confinned this for fumaric and maleic 
acids, but found the opposite to be true for isobutyric and n-butjuic acids. 
For six organic compounds, some of which are structurally related, Santa 
(40) showed that adsorption is greater the lower the solubility. Platonov, 
Borgman, and Salman (32, 33) and Roychoudhury (38) conclude that 
solubility is of only secondary importance. 

With only few exceptions the conclusions summarized above are based 
on adsorption data obtained from series of experiments involving two or 
three different initial concentrations. However, some of these conclusions 
depend on ratios between “adsorbability” or the per cent adsorbed of two 
related compounds. It will be shown later that the numerical values for 

^ _ Q 

the — X 100 relationship can vary widely when calculated over a 
Oo 
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range of concentrations. In spite of this objection it is evident that there 
is no strict antibasis between adsorption and solubility. 

Relation of polarity to adsorption 

Aside from surface tension lowering of the solvent by the solute mole¬ 
cules and adsorbability, and the antibalic solubility-adsorbability rela¬ 
tionship, many studies have dealt with the r61e played by the polarity of 
the molecule. Bartell and Miller (2) showed that the introduction of the 
hydroxyl group in an organic acid decreased adsorption on carbon to an 
extent depending on the nature of the acid. The introduction of the amino 
group produced a greater effect. Miller (25) states that charcoal plays the 
same r61e at a charcoal-solution interface that an organic liquid plays 
in an organic liquid-aqueous interface, and that the Langmuir-Harkins 
theory of polar groups applies to adsorption from solution by charcoal. 
Alekseevskii (1) ascribes the difference in adsorbability between n-butjTic 
acid and isobut 3 Tic acid to the branched chain. Shilov and Nekrassov 
(41) conclude that normal compounds are more strongly adsorbed than 
are iso compounds and that the trans forms arc more strongly adsorbed 
than are cis forms. Platonov, Borgman, and Salman (32,33) conclude that 
structure is a most important factor in predicting the degree of adsorb¬ 
ability. Langmuir (21) pointed out that a stoichiometrical equation can¬ 
not be written for adsorption, because the configuration of the molecules 
adsorbed makes a difference in the areas taken up by them on the adsorbent. 

In view of the demonstrated influence of molecular structure on adsorb¬ 
ability, it seems most unusual that this field of investigation has received 
such scant attention. 


in. EXPERIMENTAL 

The adsorbate 

A series of thirty-one organic acids, differing in most cases regularly in 
chemical configuration, was employed throughout this study. All were of 
satisfactory purity. The list of the acids used is given in the first para¬ 
graph of the summary, and the individual acids are also indicated on the 
various graphs and tables. 


The adsorbent 

A large sample of decolorizing carbon. Norite, was secured, thoroughly 
sampled, and used throughout all studies. Thus variations of the inter¬ 
face were only those existing through the mass of adsorbent. The Nor¬ 
ite contained 1.25 per cent ash (chiefly silica with traces of iron), which 
was found to have an equivalent of 1.5 cc. of 0.01 N acid. This percent¬ 
age of extraneous material should invalidate in no way comparisons 
between structurally similar compounds. Miller (25) has pointed out 



38 


EDWABD B. UNNEB AND BOSS AIKEN OOBTNEB 


that organic acids are strongly adsorbed on impure carbons and on such 
interfaces show the same selectivity as on ash-free carbon. 

One gram of the adsorbent was used, except in those experiments in¬ 
volving caprylic acid. Caprylic acid is so slightly soluble that a weight of 
adsorbent greater than 0.1 g. tends to make the titre of the equilibrium 
concentration so low as to be of doubtful value. Fodor and SchOnfeld 
(4) and Pavlov (31) have already shown variations in the amounts ad¬ 
sorbed with greatly diluted solutions and smaller amounts of carbon. 
The former authors point out that in the application of the Freundlich 
equation to their data, n varies notably with the amount of charcoal used, 
becoming less as the charcoal is increased. They report, however, that in 
the less dilute solutions n is independent of the amount of charcoal used. 
In the present study 1 g. of Norite and concentrations of reagents varying 
from 0.01 to 0.25 molar have been employed. 

Experimental procedure 

Where solubility permitted, stock solutions of the acids to be studied 
were made up to approximately 0.25 molar. With acids of limited solu¬ 
bility, saturated stock solutions were used. Aliquots of the stock solution 
were measured into Erlenmeyer flasks from a calibrated buret. Water 
was added to make the final volume 75 cc. One gram of Norite was then 
added. The flasks were closed with rubber stoppers and shaken with the 
adsorbent for a period of thirty minutes. They were then allowed to stand 
at room temperature for the same length of time. After this period they 
were filtered through # 615 E. and D. filter paper into Erlenmeyer flasks. 
The filters were allowed to drain for fifteen minutes, after which the 
Erlenmeyers were removed and stoppered until titrations were made. 
To avoid errors due to adsorption by the filter paper, approximately 
the first 15 cc. of filtrate was discarded. A blank of 75 cc. of the stock 
solution without Norite was given the same treatment as each sample 
of the run. 

In a few early experiments samples were allowed to stand in contact 
with the adsorbent overnight, but no essential differences were noted as a 
result of this longer period of contact. This is in accord with the observa¬ 
tions of Freundlich (5), Dubinin (3), Lipatov (23), and Ruff (39). 

The experiments were conducted at room temperature, which varied 
from 22‘’C. to 30“C. Freundlich (reference 6, pp. 174, 223-4) and Yajnik 
and Rana (42) found little change in adsorption over this temperature 
range. 

Equilibrium concentrations were determined by titrating with standard 
solutions of sodium hydroxide, using phenolphthalein or thymol blue 
indicators. Equilibrium concentrations were calculated to moles per 
liter. The “adsorption in millimoles per gram” refers to the amount ad¬ 
sorbed by 1 g. of Norite from a volume of 75 cc. of solution. 
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Adsorption equations 

From a consideration of the mosaic-like character of the solid surface, 
Langmuir (22) has made it clear that probably no single equation will 
express, in all cases, the relation between the equilibrium concentration 
and the quantity of adsorbed molecules. Many workers have stressed the 
complexity of the phenomena and the forces existing at surfaces. It is not 
the purpose of this paper to delve into any of these phases of the problem. 
The project at hand is one of showing the effect of molecular configuration 
of the adsorbate on adsorption. The difficulty of using isolated concentra¬ 
tions for comparison has been suggested above, and it will later be shown 
that in some cases the conclusions which authors have drawn can apply only 
at some particular concentration. It seems advantageous to make com¬ 
parisons over a concentration range, and so to choose the range that the 
simpler mathematical relationships will hold. For this purpose Freund- 
lich^s adsorption isotherm and the equation of Langmuir for simple ad¬ 
sorption have been employed. 

The Freundlich equation 

The empirical equation proposed by Freundlich for the adsorption iso¬ 
therm has been commonly used. Though it is undoubtedly only approxi¬ 
mately correct, it fits much of the published data fairly w^ell. Freundlich 
(5) himself has pointed out that for solutions the equation is not a complete 
formula covering all concentrations, for it is based on the apparent ad¬ 
sorption of the solute molecule, and adsorption of the solvent is not taken 
into consideration. Fodor and Schonfeld (4) and Pavlov (31) find that n 
varies with dilution and amount of carbon used. Garner (10) likcw^ise 
demonstrated the limited range of application of the isotherm. In some 
preliminary experiments w’e tested adsorption from fairly dilute solutions. 
Over the range from 0.001 to 0.01 molar equilibrium concentrations, the 
values for the amount adsorbed were low' as compared with equilibrium 
concentrations above 0.01 molar. For this reason initial concentrations 
w'ere so chosen that the concentration at equilibrium would generally be 
between 0.01 and 0.25 molar. The logarithmic values for C and the cor¬ 
responding values of a between these limits approximate a straight line. 

Values for 1 /n and a of the equations w ere calculated by the method of 
least squares applied to the logarithmic equation. Table 1 lists these 
constants, the number of points considered, and the average error betw een 
observed values and those calculated from the equation. The ‘^average 
erroris the percentage difference between the various observed values and 
the values at comparable concentrations as given by the fitted equation. 
The agreement betw'een the observed values of the adsorbed and the cal¬ 
culated is excellent, as evidenced by the average per cent error. The 
logarithmic curves in the graphs also show' how nearly the values fall on the 
calculated straight lines. 
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The constants 1/w and a have no simple physical meaning. The equa¬ 
tion, at best, can serve only to calculate the millimoles adsorbed for any 

TABLE 1 


Showing valuea of “1/n” and "a” of the Freundlich equation, a — aC‘'"/or the varioue 
systems of Norite and organic acid at equilibrium, as well as the average per cent 
error and the number of points used for the calculations 


ACID 


l/n 

AVBBAGEFBR 
CENT BBROR 
BBTWBBN OBRD. 

andcalcd. a 

NITUBBB or 
POINTS 

Formic. 

2.47 

0.435 


15 

Acetic. 

2.46 

0.351 


18 

Propionic. 

2 46 

0.236 

1.8 

15 

n-Butyric. 

2.46 

0.177 

2.3 

15 

n-Valeric. 

2 84 

0,182 

2 8 

12 

Caproic. 

3.03 

0.175 

1 8 

11 

Isobutyric. 

2.36 

0.273 

12 3 

10 

Isovaleric. 

2.61 

0.227 

2 6 

9 

Glycolic. 

1.54 


4 1 

13 

Lactic . 

1 66 

0.335 

3 6 

18 

Glyceric. 

1.29 

0.267 

6.7 

13 

Glyoxylic. 

3 89 

0.455 

2.3 

12 

Pyruvic. 

2.44 

0 273 

3.5 

15 

Levulinic. 

1 83 

0.183 

2.9 

8 

Oxalic. 

3 62 


4.9 

29 

Malonic. 

3.88 

0 410 

3.3 

11 

Succinic. 

2 83 

mmm 

4.3 

16 

Glutaric. 

1 96 

WSBM 

5.1 

13 

Adipic. 

1.79 


4.5 

22 

Malic. 

1 28 

0 252 

2.2 

15 

Tartaric. 

0.94 

0 275 ‘ 

3.3 

15 

Maleic. 

1 90 

0,203 

2 9 

14 

Fumaric. 

2.81 


4.6 

9 

Mesaconic. 

1.80 

0.133 

2.4 

14 . 

Citraconic. 

1.69 

0.167 

1.8 

15 

Itaconic. 

1,54 

0.148 

1.9 

15 

Methylsuccinic. 

1.30 

0 172 

1.6 

14 

Citric. 

0.73 

i 0.203 

3.3 

: « 

Monobromosuccinic. 

1.82 

0.195 

2.0 

9 

Dibromosuccinic . 

2.58 

0.320 

2.2 

8 


equilibrium concentration within the range over which the relationship 
holds. Only the fatty acids display any regularities. From fornaic 
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through butyric acids the value of a is constant and from butyric through 
caproic acids the slope of the logarithmic curves is also constant (see fig¬ 
ure 1). Any other attempt to interpret the a and 1/n of table 1 in terms 
of structural relationships is unfruitful. 

The Langmuir equation {22) 

By the usual rearrangement of this equation 

C ^ C 
a a0 8 

the values of the constants a and are determinable by plotting C/a 
against C. These constants were calculated from our data by the method 



Fig. 1. Adsorption Isothermals for the Homologous Series of the 

Fatty Acids 

In the graph on the lower left the values are plotted arithmetically; in the one on 
the upper right, logarithmically. 


of least squares. When plotted straight lines resulted in all cases. As 
with the Freundlich equation, the Langmuir relationship was not found to 
hold in very low^ concentrations; in fact the range over which the equation 
was applicable was slightly narrower than for the Freundlich equation. 
The Langmuir equation is applicable over the range corresponding to 
equilibrium concentrations of 0.02 to 0.22 molar. The average per cent 
error (table 2) is the error within this range. 
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TABLE 2 


Showing values of a and 0 of the Langmuir equation^ a 


ofiO 


1 + aC 

systems of Norite and organic acid at equilibrium 


for various 


Columns 5 and 6 give the average per cent error over the range for which the 
Langmuir equation holds, together with the number of points considered 


ACID 

a$ 

a 

fi 

AVSRA08 
PBR CSNT 
SRBOB 
B8TW88B 
OB8D. AND 
CALCD. a 

NUMBBB 

OF 

POINTS 

Formic. 

0.273 

0.159 

1.710 

1.0 

13 

Acetic. 

0.462 

0.266 

1.736 

7.0 


Propionic. 

0 925 

0.491 

1.885 

2.0 

13 

Butyric. 

1 689 

0 863 

1.957 

2.0 

13 

Valeric. 

1.878 

0 872 

2.154 

5 8 

11 

Caproic. 

8 772 

4.636 

1.892 

5.4 

7 

Isobutyric. 

0 883 

0.497 

1.776 

5.5 

7 

Isovaleric. 

1.630 

0 902 

1 807 

5.1 

7 

Glycolic. 

0.239 

0 249 

0 958 

5.1 

12 

Lactic. 

0.437 

0 415 

1.054 

4.0 

18 

Glyceric. 

0 668 

0.812 

0.823 

8.5 

13 

Glyoxylic. 

0.508 

0 223 

2 275 

3.0 

11 

Pyruvic. 

0 979 

0.585 

1 674 

2 8 

14 

Levulinic. 

2 990 

2 289 

1.307 

3.4 

6 

Oxalic. 

0 440 

0.332 

1 325 

3 7 

29 

Malonic. 

1 897 

i 1 540 

1.232 

5 6 

11 

Succinic. 

0 865 

0 467 

1 854 

6 0 

16 

Glutaric. 

3 697 

3 104 

1 192 

4 8 

13 

Adipic. 

2 347 

1 886 

1 245 

4 5 

19 

Malic. 

0.531 

0.574 

0 927 

2 3 

14 

Tartaric. 

0 322 

0 468 

0.687 

2.5 

14 

Fumaric. 

7.097 

5 798 

1.224 

4.1 

9 

Maleic. 

1 233 

0 884 

1 395 

3.6 

14 

Mesaconic. 

2 706 

1 886 

1.435 

2.9 

14 

Citraconic. 

1 356 

1.014 

1 337 

4 7 

14 

Itaconic. 

1.167 

0.904 

1.291 

4 0 

14 

Methylsuccinic. 

0 664 

0 608 

1.092 

4.2 

14 

Citric. 

1.444 

2 757 

0.524 

11 7 

8 

Monobromosuccinic. 

0 934 

0.643 

1.451 

3.0 

8 

Dibromosuccinic. 

1.397 

1.119 

1.248 

3.6 

8 
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Langmuir’s equation is more useful than the Freundlich adsorption iso¬ 
thermal for the latter is the analytical expression for the general parabola, 
while the former is that of a rectangular hyperbola passing through the 
origin. Hence, Langmuir’s equation tends to a definite limit for the ad¬ 
sorption of the solute on the surface, while with Freundlich’s equation the 
adsorption theoretically increases indefinitely with increasing concentra¬ 
tion. It should accordingly be possible to use either the constants a 
or /3 of the Langmuir equation for comparison of the acids, especially 
since these constants have some physical significance. For comparisons 
of structural relationships we have used the constant /3, which is equal 
to o (the amount adsorbed) when C (equilibrium concentration) is a 
maximum. 


Interpretation of Traube’s rule 


Freundlich (reference 6, pp. 195-6) stated Traube’s rule as applied to 
adsorption in the followang manner: “The adsorption of organic substances 
from aqueous solutions increases strongly and regularly as we ascend the 
homologous scries.” He applied this rule to the first four members of the 


fatty acid series, calculating the ratio at a given C (0.1 mole per 

fln 

liter). The value of the ratio was found to be approximately 1.5. For 
C 

the ratio —, where a = 1.26 millimoles per gram of charcoal an ap¬ 


proximate constancy of 2 to 3 was obtained. Many workers have since 
confirmed Freundlich^s generalities. However, the comparison of ratios 
at any one concentration or any one value for the amount adsorbed should 
not of necessity give a constant value. It has already been pointed 
out that logarithmic isotherms (cf. figure 1) for formic, acetic, propionic, 
and butyric acids tend to meet at a common point, and that those for 
butyric, valeric, and caproic acids have a constant slope and are, therefore, 
parallel over the range studied. Further, it is evident from a study of the 
0 of the Langmuir relationship that this homologous series of organic acids 
tends to approach a constant value of about 1.9 millimoles per gram of 
adsorbent. Calculations were made for the value of C at various concen¬ 
trations by means of the Freundlich adsorption isothermal. The ratios 
C 

were then calculated. They are shown in table 3. The values 

bn-fl 

here fluctuate as one might expect from a knowledge of the constants. It 
is clear, too, that at higher values of a the ratio tends to become more nearly 
constant, and that the constant is somewhat lower than the ratio obtained 
by Freundlich. He reports an approximate constancy of about 2 to 3 
at a single value of a of 1.26 millimoles per gram. In a similar manner 
values of C were chosen, and ratios between the corresponding values of a 
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were calculated for the Freundlich adsorption isotherm. The calculations 
are shown in table 4. The agreement is better for such a ratio than it is 

Q 

in the case of the ratio. The value of q tends to be more nearly 

Cn+l 

constant as the equilibrium concentration approaches 0.25 molar. 

TABLE 3 


Showing the ratios of —— for various fatly acids at various values of a on the 
Cn+l 

ordinate of their respective Freundlich adsorption isotherms 


C IN MOLSS PSR LITER WHEN 


ADSORBED SUBSTANCE 



TABLE 4 

. 1 

Showing the ratios of - for various fatty acids at various values of C (the equU 

an 

librium concentration) on the abscissa of their respective Freundlich adsorp^ 

tion isotherms 



Relationships over a range of concentration should be more significant 
than at isolated concentrations. Such relationships may be secured by 

using the areas under the curves, i.e., for we have for the 

Cn+l AreE (C)n 
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, ^ , “»+i , Area (a)„ . „ 

curves a plotted against C; for-we have : -rr— for the curves 

dfi Ar0fl( 7^. 1 

C plotted against o. The relationships 


and 


Area (C) = j' dC 
Area (o) = j (o/a)" 


da 


( 2 ) 

(3) 


were used. Employing equation 2 between the limits 0.01 and 0.06 (ap¬ 
proximate solubility limit of caproic acid) and between 0.01 and 0.25, the 
values in table 5 and table 6 were obtained. 

TABLE 5 

roM 

The values for Area (C) * / aC*/*dC for adsorption isotherms of the various 

Jom 

fatty acids 


1 

aUDSTANC E ADSOBBED 

AREA (C) 

AREA (C)n4l 
ratio:- 

AREA {C)n 

Formic. 

Acetic. 

0 0281 

0 0371 

1 32 

Propionic. 

0 0549 

1 48 

Butyric. 

0 0671 

1 22 

Valeric. 

0 0760 

1 13 

Caproic. 

0 0831 

1 09 


Average. 1 25 


These calculations show more definite constancy. The constant is 
approximately 1.2 and as an average ratio is lower than Freundlich^s 
value of 2 to 3. 

Using equation 3 between the limits 1.06 and 1.9, we obtain the data 
shown in table 7. Except for the first ratio these average values are ap¬ 
proximately constant and equal approximately 1.8, which is in general 
agreement with Freundlich's value for a single point of 1.5. 

The constants of Langmuir's equation 

In a discussion of the liquid-gas interface Freundlich (reference 7, pp. 
76-9) combines the Szyszkowski equation and the Gibbs equation and 
shows that 

^ C 

^ RT C + k 


a 


(4) 









46 


EDWARD B. DINNER AND BOSS AIKEN GORTNEB 


where a = amount adsorbed, <r = the surface tension of the solvent, C 
equilibrium concentration, and b and k are constants. Now Lang¬ 
muir’s equation may be written 


a = 




The valw of Area (C) 


roM 

/ " 


l/a+ C 

TABLE 6 


(5) 


a(7‘/»dC/or adsorption isotherms of various fatty acids 
excluding caproic acid 


SUBSTANCE ADSORBED 

AREA iO 

_abba (C)n+I 

ratio:-— 

AREA (On 

Formic. 

0.233 


Acetic. 

0 276 

1 19 

Propionic. . . 

0 352 

1.28 

Butyric. 

0 400 

1.13 

Valeric. 

0 456 

1 14 

Average. 

1.19 


TABLE 7 


The value Area (a) 



da for adsorption isotherms of various fatty acids 


ADSORBED SUBSTANCE 

AREA (a) 

_ ABEA(a)n 

ratio:-7—;:—> 

AREA (a)n+i 

Formic. 

0.269 


Acetic. 

0.211 

1 28 

Propionic. 

0.116 

1.82 

Butyric. 

0 065 

1.79 

Valeric. 

0.032 

2.05 

Caproic. 

0 019 

1.63 


Hence, it is apparent that 


and 


RT 


( 6 ) 

(7) 


But k = - where q is the capillarity. Therefore we see that a = g (the 
9 

capillarity). The dimensions of the constant jS are of interest. <r is de- 
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fined as force fias the dimensions of energy X L and 

b can be proved to be a pure number. Therefore, 



Accordingly p has the dimensions of the reciprocal of surface. It follows 
from the development above, that jS will serve as a more logical basis for 
comparisons to be made than will a. 

TABLE 8 


Showing agreement between the experimentally determined values of and the 
calculated values of a (at maximum adsorption) when C» (equilibrium 
concentration) is that of a saturated solution 


A«D 

Ca IN MILLI- 
MOLEB PER 

75 CC 

0 

a (maximum) IK 

MILLIMOLES 
PER ORAM 

PER CENT 
ERROR 

Valeric. 

27 19 

2 154 

2 068 

4.1 

('aproic. 

6 60 

1 892 

1 862 

1.6 

Isobutyric. 

170 33 

1 776 

1 755 

1.2 

Isovaleric. 

31 13 

1 807 

1 745 

3 5 

Oxalic. 

97 92 

1 325 

1 286 

3 2 

Malonic. 

542.18 

1 231 

1 232 

-0 1 

Succinic. 

52 22 

1.854 

1 781 

4.0 

Glutaric. 

391 87 

1 192 

1 191 

0.1 

Adipic. 

8 11 

1 245 

1 169 

6 0 

Tartaric . 

696 23 

0 687 

0 685 

0 7 

Fumaric. 

4 52* 

1.224 

1 179 

3.7 

Maleic. 

509.33 

1.395 

1.392 

0.2 

Mesaconic. 

20 55 

1.435 

1.399 

2.5 

Itaconic. 

53 11 

1 291 

1.265 

2 0 


Determination of values for maximum adsorption and the corresponding 
equilibrium concentration 

If the a of Langmuir's equation is differentiated with respect to (7, it 

da 

becomes obvious that a will equal when ^ equals zero, and this will 

be true when the slope of the isotherm approximates 0*^. However, the 
determination of C for maximum a presents difficulties. From a purely 
theoretical standpoint it would seem that a should approach a maximum 
when C equals the concentration of a saturated solution of the acid. 
Such concentrations were substituted in our calculated Langmuir equa¬ 
tions and were compared with for the corresponding acid. Taking only 
compounds which have a limited solubility the values shown in table 8 
were secured. This table shows remarkable agreement between the de- 
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termined and calculated values, indicating that the theory discussed 
above has a sound basis. 

Another possible method of demonstrating the validity of the assumption 
of maximum adsorption when the equilibrium concentration is that of a 
saturated solution, is by a graphical device adapted from theoretical 
considerations of Polanyi and Groldman (34). In dealing with adsorption 
of vapors Polanyi and Goldman calculated “afiBnities” from the general 
relationship 


A.»Byin|-* (9) 

where P, is vapor pressure of the pure substance at the temperature T, 
Pg is the equilibrium pressure obtained in adsorption studies. They 
plotted the values of A* for a given P* against the values for adsorption 
obtained at this equilibrium pressure. Curves were obtained which were 
all similar in character and were displaced slightly by changes in tempera¬ 
ture. In a later paper Polanyi and Heyne (35) considered isothermals 
for “substances in solution.” Here the affinity is represented by 

A.^RTla^ ( 10 ) 

where C, is the solution saturation value for the compound and C, is any 
other lower concentration. When Polansd and Heyne calculated A, 
from equilibrium concentrations and plotted the resulting values against 
the a in millimoles per gram corresponding to that C, the same types of 
curves were obtained in the case of solutions as in the case of vapors. It is 
obvious from equation 10 that when (7. = C», A* = 0. Hence, by extra¬ 
polation of the curves (see figures 2, 3, 4, 5, 6), one obtains values for a 
when Ax is zero. This should represent the “.saturation value.” It 
should be said at this point that Polanyi obtained similar curves regardless 
of the solvent used and that in all cases the substances to which he applied 
his treatment had a limited solubility. Increased temperature displaced 
the curves slightly in the direction of higher A,. 

In the present study affinities were calculated in calories for all acids 
used excluding only those which are infinitely soluble (miscible in all pro¬ 
portions). In the case of n-valeric, caproic, isovaleric, succinic, adipic, 
fumaric, mesaconic, and itaconic acids when the values were plotted and 
the curves extrapolated, values for o when A* s 0 were within good agree¬ 
ment with /3. Curves of all other acids for the most part tended to become 
practically as}unptotic to the o-axis and no extrapolation was possible. 
In some cases (oxalic acid, figure 2) straight Him were obtained which could 
be extrapolated, but the values for the amount adsorbed were some 25 
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Fig. 2. The Affinity Curves of the Mono- and Di-carboxylic Acids 



Fig. 3. Adsorption Isotherms Comparing Normal and Iso Acids 
The graph in the lower left corner represents the plot arithmetically j the one in 
the upper right, logarithmically. In the lower right are the affinity curves of these 
acids. 
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to 30 per cent higher than the experimentally determined values. In the 
case of but3rric acid, however, activity coefficients (Parks and Huffman 
(30) were applied so that equation 10 becomes 

= firing (11) 


On plotting the values for butyric acid obtained through equation 11 ex¬ 
trapolation was possible and a value in approximate agreement with /3 



Fia. 4. Adsorption Isothebmals for the Acids Having the Same Number 
OF Carbon Atoms but Differing in the Number of 
Carboxyl Groups 

In the graph in the lower left of the figure values are plotted arithmetically; in 
the upper right, logarithmically. The graph in the lower right represents the 
affinity curves for caproic and adipic acids. 

and o maximum was obtained. The extrapolated values from the curves 
are listed in table 9 together with and a maximum as calculated when the 
equilibrium concentration is that of a saturated solution (cf. table 8). 

Calculation of cross-sectional areas of adsorbed molecules 

The data in table 2 show that the values of the /3 of the Langmuir equa¬ 
tion follow, relatively, the same general trends when comparisons are made 
between structurally related homologous series. It has already been 
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shown that jS has the dimensions of surface. The value represents the 
maximum adsorption. If one makes certain assumptions it should be pos¬ 
sible to calculate the approximate area possessed by 1 g. of Norite and from 
this area, in turn, to approximate the area occupied by the molecules of 
the various acids when adsorbed on the Norite. Ockrent (27, 28), fol¬ 
lowing a slightly different method, has utilized Langmuir^s equation for 
determining areas of molecules adsorbed on carbon. 




Fig. 5 . Adsorption Isothermalr Showing the Effect of the Double 
Bond and op cis and trans Isomerism on Adsorption 
The graph in the lower left of the figure represents the curves for values plotted 
arithmetically; in the upper right, logarithmically. Affinity curves for fumaric and 
succinic acids are given in the lower right of the figure. 

The method employed in the present study was to make use of the ex¬ 
perimentally determined /3, the maximum adsorption values for each acid 
under our experimental conditions. Accordingly the areas calculated 
apply with certainty only to this study and may not represent the absolute 
areas. It is believed, however, that they arc valid for comparison inter se. 
The assumptions upon which the calculations were based are: (1) At 
maximum adsorption a monomolecular layer is formed. (2) The fatty 
acids have approximately the same adsorption maximum. (3) The aver¬ 
age P (1.889) of these acids represents the millimoles adsorbed per gram of 
adsorbent in the monomolecular film. (4) The molecules of the various 
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suited from studies on a single and comparable substrate. Subject to 
the assumptions made, it is seen from table 10 that the afiSnities of the 
molecules for water and the orientation jof the molecules at the liquid- 
carbon interface is altered by the introduction of specific polar groups, so 
that the areas occupied in the interface by the molecules of the structurally 
different organic acids are varied, whereas structiu'ally similar organic 
acids tend to approximate similar areas. 

The ratios in table 11 are interpreted as representing the relative areas 
taken up at the interface by the different solute molecules. There is rela¬ 
tively little variation between the areas calculated for the iso acid as com¬ 
pared with that assumed for the normal acid. The dicarboxylic acids oc- 


TABLE 11 

Summary of approximation in table 10 


AOSOBBATB 

MBAN VALUB 

PBR CBNT BRROR BBTWBBM 
MBAN AND 



Low value 

High value 

Fatty acids. 

Iso acids. 

21* 

22 

0 9 

0.9 

Dicarboxylic acidsf. 

32 

2.1 

4.1 

Monohydroxy acids. 

41 

8.3 

4 4 

Dihydroxy acids. 

53 

9 1 

8 9 

Geometric isomers (unsaturated). 

30 

5 5 . 

7 7 


* Assumed value, 
t Succinic excepted. 

The ratios are as follows: 

(1) Normal fatty acids: iso acids «• 1:1. 

(2) Normal fatty acids: dicarboxylic acids » 1:1.5. 

(3) Acid: monohydroxy acid: dihydroxy acid •« 1:2:2.5. 

cupy approximately 1.5 times the area of the monocarboxylic acids, with 
the notable exception of succinic. This latter compound is apparently 
oriented at saturation in a fashion similar to the monocarboxylic acids, 
since the area per molecule (21.4 sq. A.U.) differs inappreciably from the 
average of the latter. The effect of the first hydroxyl group added to the 
straight chain of the fatty acids and succinic acid increases the area by 
twice the original value. As is to be expected, the effect of the second 
hydroxyl is greater than that of the first, and is approximately 2.5 times 
that of the straight hydrocarbon chain. The introduction of a double 
bond has lessened the adsorption (increased the polarity), as anticipated, 
as is shown by a comparison of succinic, fumaric and maleic acids. 


















EFFECT OF ORGANIC STRUCTURE ON ADSORBABILITY 


55 


Comparison of the 0 of the Langmuir equation of the monO'- and di-carboxylic 
acids with their melting points 

An examination of the values of of the dicarboxylic acids (table 2) 
reveals an alternation in values between successive members of homologous 




Fig. 7. Showing the Alternations in the Values of /3 (Langmuir's 
Equation) and Those of the Melting Points for Homologous 
Series of the Mono- and Di-carboxylic Acids 

A, the monobasic fatty acids; B, the dibasic ticids 

series. This is also true, as has long been known, of both the solubilities 
and melting points of the members of these series. When the values of 
/3 (table 2) are plotted against the number of carbon atoms in their corre¬ 
sponding acids and the points representing the ‘^odd^^ and ^‘even” acids are 
connected it will be observed that the curves so produced (figure 7) are very 
similar to those obtained either from melting point or solubility data. The 



56 


EDWARD B. LINKER AND ROSS AIKEN GORTNER 


results in themselves perhaps are not particularly striking, but when com¬ 
parison is made with curves drawn from similar data of the homologous 
series of the fatty acids it becomes apparent that there is some significant 
relationship between the melting points and $. Figure 7A shows these 
relationships. In the case of the fatty acids the plot of jS against the num¬ 
ber of odd carbon atoms (1,3,5) produces a line which is similar in general 
trend, although opposite in direction to the line produced by plotting the 

1, 3, 5 carbon atoms against the melting points of the compounds. The 
same is true for the lines plotted for carbons 2, 4, 6 against j3 and carbons 

2, 4, 6 against melting points. These observations likewise hold for the 
dicarboxylic acids (figure 7B). 

The aitemation in melting points is characteristic of the solid state of 
both the mono- and di-carboxylic acids. In the case of the higher fatty 
acids Gamer and Randall (8) and Gamer and Ryder (9) have shown that 
between odd and even acids alternation is more characteristic of the crys¬ 
talline state than of the liquid state. They have shown such aitemation 
in specific heat and molecular volume. Jensen and Gortner (18) report 
an odd-e\’en carbon atom efifect for the electrokinctic potential of homolo¬ 
gous series of the lower members of the nonnal fatty acids, and their esters 
at an organic liquid-AUOs interface. Muller and Shearer (26) have sug¬ 
gested on the basis of x-ray studies that the molecules in the crystal are 
arranged end to end in opposite directions. Gamer and Randall (8) 
carry this suggestion further and speculate as to possible arrangements 
similar in character to orientation. In respect to the nature of thin films 
of higher fatty acids at an interface Rideal (37) says: “The behavior of the 
higher fatty acids in thin films may well be compared with that of smectic 
or string-like anisotropic crystalline liquids: these liquids consist of mole¬ 
cules of a chain type and exhibit the property of orientation.” The pres¬ 
ent study adds confirmation to the view that not only do the higher fatty 
acids in thin films possess this “crystalline” stmeture, but that the lower 
members of the series, too, as thin films adsorbed on a solid interface, arc 
held there in “crystalline” form, and probably in the form of a solid, close- 
packed oriented layer of molecules. It is interesting to note that the 
“liquid” fatty acids, as well as the “liquid” esters studied by Jensen and 
Gortner (18), when adsorbed at an interface are apparently in the solid 
state. 


IV. DISCGBSION 

Difficulties attending attempts at comparison from too limited data 

Earlier in this paper attention has been called to the fact that results ob¬ 
tained by making comparisons at only one equilibrium concentration do 
not necessarily represent values which would be obtained over a range of 
concentrations and that they may be valid only at the point chosen. 
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For example Shilov and Nekrassov (41) have published data on the per 
cent adsorption of an homologous series of the fatty acids and the dibasic 
acids. The fatty acids were studied at an initial concentration of J1//100, 
the dibasic acids at a concentration of M /200. Their data are shown in 


TABLE 12 

Values from data of Shilov and Nekrassov (41) for the **per cent adsorbed^ and 
the differences between successive members of an homologous scries 



A* 

Formic.i 

13 3 

Acetic. 

16 0 

Propionic. 

22 3 

Butyric. 

25 5 

Valeric. 

51.3 

Caproic. 

67 1 

Caprylic . 

78 4 


FATTV ACIDS 


(^n+1 A.n) 


2 7 
6 3 
13 2 
15 8 
15 8 
11 3 


Cl C2 

* *Ter cent adsorbed” — A — —:::-X 100 where Cj « initial concentration and 


Cl 


Ci » equilibrium concentration. 


TABLE 13 


Values for ^^per cent adsorbed^^ obtained from calculations comparable to those of Shilov 
and Nekrassov {recorded in table 12) for acetic and propionic acids, 
utilizing data of this study 


Cl 

A 

An-fi An 

Acetic acid 

Propionic acid 

0 02 1 

2 65 

4 04 

1 39 

0.04 i 

1 86 

2 54 

0 68 

0 06 

1 46 

1 92 

0 46 

0.08 

1 24 

1 59 

0 35 

0 10 

1 08 

1 37 

0 29 

0 15 

0 83 

1 03 

0 20 

0 20 

0 68 

0 83 

0 17 

0.25 

0 57 

0.69 

0 08 


table 12 where their values for per cent adsorbed and the difference be¬ 
tween successive members of the homologous series are recorded. 

Table 13 shows comparable calculations made from our data on acetic 
and propionic acids. It will be observed that, whereas Shilov and Nekras¬ 
sov found a value of 16 per cent adsorption for acetic acid and 22.3 per 
cent for propionic acid with a difference of 6.3 per cent, the more extensive 
series of data taken over a range of concentration yield values for acetic 
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acid varying from 2.7 to 0.6 per cent and for propionic acid from 4.0 to 
0.7 per cent with differences of 1.4 to 0.08 per cent. Obviously sin^e 
point observations may lead to erroneous conclusions. 

Furthermore, in figure 8, acetic and glyoxylic acids present an interest¬ 
ing example. If comparison is made at from 0.01 to 0.03 molar equilib¬ 
rium concentration, one would say that the two were adsorbed to about the 
same extent within experimental error. Above these values the two curves 
sharply diverge from each other. Again, if one applied a basis for com- 



Fiq. 8. Adsorption Isothbrmals fob Acetic, Glyoxyuc, and Oxalic Acids, 
Showing the Effect over a Definite Concentration Range of Substituting 
THE Aldehyde and Carboxyl Groups fob the Methyl Group 


In the graph in the lower left of the figure the values are plotted arithmetically; in 
the upper right, logarithmically. 

parison on the per cent adsorbed, it is evident that the values would be 
widely divergent at 0.03 and 0.25 molar concentration. The curves for 
the dicarboxylic acids (figure 9) present the same general difficulties. 
Below 0.025 molar equilibrium concentration, the adsorption of the mem¬ 
bers of the series increased definitely with increasing number of carbon 
atoms. It is plainly evident from figure 9 that above this concentration 
this is no longer true, and that with the exception of oxalic acid points may 
be chosen by means of which no essential change in adsorption between 
one member and the next higher member can be demonstrated. The last 
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case which will be cited refers to figure 5 in which isotherms for succinic, 
maleic, and fumaric acids are given. Langmuir (21) and Harkins (14,15) 
have pointed out that the double bond increases the polarity of the com¬ 
pound. This should mean decreased adsorption of maleic acid and its 
<mws-isomer, fumaric acid, when these are compared with succinic acid. 
Our data show that over the range studied maleic acid is less adsorbed than 
is succinic, but that fumaric acid is more greatly adsorbed up to the limits 
of its solubility. Furthermore, Alckseevskii (1) from a few series of point 
studies came to the conclusion that fumaric acid is always more greatly 



Fig. 9. Adsorption Isothermals for the Dicarboxylic Acids 

In the graph on the lower left the values are plotted arithmetically; in the one on 
the upper right, logarithmically. 


adsorbed than is maleic. In general, our data substantiate this, yet one 
cannot but feel that such comparisons, although they may possess validity, 
are not so desirable as those made when the surface is saturated, i.e., when 
the equilibrium concentration is that of a saturated solution. Compari¬ 
sons of jS which give the maximum amount adsorbed show that a smaller 
number of millimoles of the acids, fumaric and maleic, is adsorbed per 
gram of adsorbent when the surface is ‘TulF^ than is the case with succinic 
acid. This is in accord with the ideas of Langmuir and Harkins. Fur¬ 
ther, we find on the basis of our assumptions that fumaric and maleic acids 
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are about equally adsorbed at saturation, since they vary only some 0.17 
millimole per gram of adsorbent. It seems more logical, therefore, to 
attempt to make comparisons when adsorption is at a maximum as we 
have already done, for while one must grant the accuracy of “single point” 
studies it must be admitted that they can hardly lend themselves to a 
general study of structural comparisons. 

The arrangement of molecvlee in the interface 

The assumptions on which the calculations of the cross-sectional areas 
are based have been stated. It was our intention to point out by a state¬ 
ment of these assumptions that values obtained are purely relative among 
themselves and may not represent absolute areas. We have pointed out, 
however, that the surface area of the adsorbent obtained by calculation is 
within the range of other experimental values. Paneth and Radu (29) 
report values for various carbons vaiying from 46.2 to 268.0 square meters. 
The value obtained in these ci^ieriments for Norite is 240 square meters. 

Bearing in mind the relative character of the values reported in table 9, 
we can only theorize as to the nature of the arrangement of molecules on 
the surface. The assumption has been made that the cross-sectional 
area possessed by the fatty acids is 21 sq. A.U. Such an area may be 
predicted by the head group when the adsorbent surface is filled. It seems 
likely on comparing the relative areas of isobutyric and isovaleric acids with 
butyric and valeric acids, respectively, that only one —CHs is held at the 
solid interface and that the —COOH group in the water determines the 
area. The ratio between the cross-sectional areas of the normal and iso 
acids is approximately 1:1. Alekseevskii (1) has pointed out that the nor¬ 
mal acids are of such a structure that the —COOH or —CHj may be at the 
surface, so that at complete filling there will be a larger adsorption of the 
normal than of the iso acid. He concludes this from a study of two series 
made from initial concentrations of 0.28 and 0.43 molar solutions. Shilov 
and Nekrassov (41) by a similar tsqie of experimentation have shown iso 
acids to be less adsorbed than normal acids. We believe, however, that 
our data more nearly show what condition is approximately approached 
at complete filling. 

With the exception of succinic acid the dicarboxylic acids have an aver¬ 
age covering of the surface of the adsorbent of about 30 sq. A.U. This 
value is about 1.5 times that of the monocarboxylic acids. At saturation, 
then, could one not consider that two carbon atoms are in the surface of 
the adsorbent with the —COOH groups out into the aqueous phase? 
There are two possible explanations, which are perhaps interdependent, 
for the fact that in such an arrangement the area is not twice that of a 
monocarboxylic acid. Hie forces holding the two carbon atoms together 
are primary valence forces, and because of them the two carbons in the 
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molecule are in much closer proximity than are adjacent carbon atoms of 
two molecules of the monocarboxylic acids. Then again, it may be that 
the alignment of surface forces is such that only a portion of them can be 
effective in the case of the dicarboxylic acids. The latter reasoning is 
weak, perhaps, because there is apparent regularity between the differences 
the values demonstrate. Why succinic acid is oriented apparently in the 
same fashion as the monocarboxylic acids is unanswerable in view of the 
above. Another indication of orientation of such a type as discussed with 



Fig. 10. Adsorption Isothebmals Comparing Acetic, Propionic, and 
Valeric Acids with Their Respective Aldehyde or 
Keto Derivatives 

The graph in the lower left of the figure represents the values plotted arith¬ 
metically; in the upper right, logarithmically. 

the dicarboxylic acids is the behavior of citric acid. This acid is adsorbed 
to a much lesser extent than is adipic acid, which contains the same num¬ 
ber of carbon atoms. The ratio between caproic, adipic, and citric acids 
all containing the same number of carbon atoms is approximately 2.3.7.5. 
It appears probable that the molecule of citric acid is held to a greater 
degree along its length with the polar groups oriented out into the aqueous 
phase. 

We find that glyoxylic acid at saturation takes up a smaller relative area 
than does acetic acid, from which it is derived. Surely one should assume 
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that the substitution of the aldehyde group for the methyl group of acetic 
add will increase the polar character of the molecule and that, therefore, 
a smaller quantity should be adsorbed. The maximum adsorbed quantity 
for acetic acid is 1.74 millimoles per gram of adsorbent, while that for 
glyoxylic is 2.28. The only accounting for such a difference must be on 
the basis of closer packing of the glyoxylic molecules in the interface. It 
seems probable that such can be taking place since there is a possibility of 
the effect of stray valence out from the aldehyde grouping which will in¬ 
fluence an adjacent molecule and make for greater packing. Figures 8 



C ff^r 

Fio. 11. Adsorption Isothermalb Showing the Effect of the Htdboxtl 
Group: Acetic and Gdtcouc Acids 

The graph on the lower left represents the plot arithmetically; on the upper right, 
logarithmically. 

and 10 show that in the low concentrations of these compounds there are 
small differences between the two and that only as the concentrations in¬ 
crease does glyoxylic acid give evidence of closer packing. This is in ac¬ 
cord with the picture just given. 

Two examples are given of the effect of the keto group on adsorption of 
adds. Pyruvic and levulinic acids are compared with propionic and 
valeric adds. Propionic acid at saturation has a relative area of 21 sq. 
A.U. and pyruvic acid 23.7 sq. A.U., while valeric and levulinic adds have 
areas of 21 and 30.4 sq. A.U., respectively. The position of the keto group 
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evidently plays a r61e in the adsorption of these derivatives, for pyruvic 
acid derived from a shorter chain acid than levulinic acid has such a group 
on the a-carbon atom, while levulinic acid is a 7 -keto acid. The keto 
group, apparently, has small influence when the molecule possesses a short 
hydrocarbon chain. Stray valence forces are apparently brought more 
decidedly into play when the keto group occupies a position con¬ 
siderably removed from the carboxyl, as is the case with levulinic acid. 
These influences may be between the oxygen of the keto group and that of 
the carboxyl group, so that at “close packing” a condition exists which is 



Fig. 12. Adsorption Isothermals for Propionic Acid, its Mono- and 
Di-hydroxy Derivatives and its Keto Derivative 

In the graph in the lower left of the figure values are plotted arithmetically; in the 
upper right, logarithmically. 

similar in character to the dicarboxylic acids. This is even more evident 
since the ratio between the relative areas of valeric and levulinic acids 
is the same as that for the mono- and di-carboxy!ic acids, i.e., 2:3. One 
may be tempted to say that these stray valences are of maximum influence 
between the oxygen atoms of the keto and carboxyl group within the mole¬ 
cule, since even at low concentrations the adsorption of levulinic acid is 
materially less than is that of valeric acid (figure 10 ), 

The ratio between the saturated and unsaturated acids (i.e., succinic and 
its cis- and fmws-isomers) is approximately 2:3. The average area given in 
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table 11 is 30 sq. A.U. This value is about 6 per cent higher than the area 
obtained for the head group —CH = CHCOOH determined by other in¬ 
vestigators, which value has a magnitude of 28.7 sq. A.U. (Rideal (37)). 
One can suppose in this case that at the packing of not only fumaric and 
maleic acids but mesaconic, citraconic, and itaconic acids as well, the head 
group determines the area of the molecule. All of the acids on the basis of 
our calculations have a relative area of fair constancy, so that it appears 
that the area of the —CH == CH—COOH group prevents any closer pack- 




Fia. 13. ADSOBmoN Isothebmals CouPABiNa the Adsobption op the 
Mono- and Di-hydroxy Derivatives of Succinic Acid with the 
Mono- and Di-bromo Acids 

The curves in the lower left of the figure represent the values of C and a plotted 
arithmetically; those in the upper right the values plotted logarithmically. 


ing at the saturation point. Evidently the substitution of the methyl 
group for a hydrogen atom in the fumaric and maleic acid molecules makes 
an insignificant change in adsorption maxima and is no more a deciding 
factor in the quantity adsorbed than has been found in the case of the 
normal and iso acids discussed above. 

V. SUMMARY 

Adsorption studies have been carried out with a series of structurally 
related compounds on a single and comparable substrate. For this study 
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a large sample of decolorizing carbon, Norite, was used. Members of the 
homologous series of fatty acids used were formic, acetic, propionic, buty¬ 
ric, valeric, caproic, and caprylic acids; members of the homologous series 
of dicarboxylic acids used were oxalic, malonic, succinic, glutaric, and adipic 
acids. To demonstrate the effect of various groupings in the molecules 
compounds were chosen and adsorption studies made as follows: for the 
grouped chain, isobut 3 rric, isovaleric, and methylsuccinic acids; for the 
hydroxyl group, glycolic, lactic, glyceric, malic, and tartaric acids; for the 
carboxyl group, acids of the two homologous series listed above and citric 
acid; for aldehyde and keto groups, glyoxylic, pyruvic, and levulinic acids; 
for the double bond and variations due to cfs-and <mns-isomers, fumaric, 
maleic, mesaconic, itaconic, and citraconic acids; and for halogen substi¬ 
tutions mono-and di-bromosuccinic acids. 

From these series of studies the following generalizations and conclusions 
are drawn: 

1. The Freundlich adsorption isotherm is applicable to the data of these 
experiments and has been applied in calculating the areas under the curves 
for the various fatty acids. Ratios between the area under one isotherm 
between definite limits and that corresponding to the next higher member 
in the homologous series of fatty acids have been shown to have a better 
constancy than those obtained by the method suggested by Freundlich. 

2. The Langmuir equation is applicable to these data. 

3. Agreement has been shown between the P of Langmuir^s equation 
(the maximum amount adsorbed when the equilibrium concentration is 
that of a saturated solution) and a obtained by substituting for C of the 
Langmuir equation the saturated concentration of the acid in question. 

4. By a graphical method suggested by Polanyi and Hejme, and Polanyi 
and Goldman, the a at maximum C has been demonstrated to be of the 
general magnitude of 

5. It is suggested that a more valid method for comparing the effect of 
molecular structure on adsorption is by comparison of the maximum value 
of the adsorbed, i.e., a when equilibrium concentration is that of a saturated 
solution. 

6. Relative areas for the acids studied when a is a maximum have been 
calculated, based on definite assumptions, and by reference to these areas 
variations have been shown in adsorption due to the introduction of polar 
groups into the molecule. 

7. The branched chain has little effect on the maximum adsorption of 
an acid. 

8. As the number of carboxyl groups is increased the adsorption de¬ 
creases greatly. 

9. The introduction of the hydroxyl group has been shown to decrease 
markedly the total amount of acid adsorbed. A second hydroxyl group 
tends to decrease the adsorption to a still greater extent. 
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10. Adsorption is decreased by the introduction of the keto group into 
the molecule, the decrease being dependent on the length of the chain and 
the position of the polar group in the chain. 

11. Glyoxylic acid is adsorbed to a greater extent than is acetic acid. 

12. Little difference in total adsorption of and frans-isomers has 
been demonstrated at maximum adsorption. The double bond, however, 
has been shown to have a decided tendency to decrease adsoii)tion. 

13. An alternation exists among the values of jS (Langmuir’s equation) 
for odd and even acids of the homologous series of both the mono- and di- 
carboxylic acids. Such alternation is characteristic of the solid state. 
This adds confirmation to the view that the lower members of the homol¬ 
ogous series of the mono- and di-carboxylic acids are adsorbed in the 
solid state. 
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To date, the most satisfactory theory which has been advanced to ac¬ 
count for the relation of gas adsorption to pressure is that of Langmuir 
(1). This theory assumes that the time rate of condensation is propor¬ 
tional to the pressure and to the amount of surface remaining bare, and 
that the time rate of evaporation is proportional to the amount of gas 
adsorbed, which is in turn proportional to the amount of surface covered 
(assuming a monomolecular film). A mathematical equation is derived 
which is fairly simple for a surface made up of only one kind of elementary 
spaces, but becomes quite complex with an increase in the number of kinds 
of elementary spaces; so that, even for a surface comprising only two kinds 
of spaces, the evaluation of the constants in the mathematical equation 
becomes, in the words of Langmuir, somewhat laborious method of 
trial.^' 

As Langmuir has pointed out, the above theory is not to be condemned 
simply because the equations are complicated. However, it is the pur¬ 
pose of this paper to propose a theory which is susceptible to a less com¬ 
plicated mathematical analysis and which, instead of requiring an intimate 
knowledge of the nature of the adsorbing surface in order to establish the 
mathematical function, will, if the theory be valid, give valuable informa¬ 
tion concerning the nature of the surface. This theory requires a slightly 
different picture of the kinetics of the adsorption process from that as¬ 
sumed by Langmuir. 

Let us assume, as does the Langmuir theory in its simplest form, that 
the adsorbing surface may be divided into elementary spaces, each capable 
of holding one gas molecule. That is, an elementary space may be defined 
as a space whose attractive, or adsorbing, force is entirely satisfied by the 
adsorption of one gas molecule. Contrary to the Langmuir theory, how¬ 
ever, instead of assuming that an actual collision between a gas molecule 
and such a space must take place entirely through the inherent kinetic 
energy of the molecule, let it be assumed that it is only necessary for the 
gas molecule, through its molecular motion, to come within a certain radius 
of attraction of one of the spaces. This seems to be a reasonable assump¬ 
tion, for, if a space on the surface has enough attractive force to hold a 
molecule after a collision, it surely can attract the molecule through a small 
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distance. As soon as a gas molecule comes within this radius of attrac¬ 
tion, it will be adsorbed and the attractive force will be temporarily satis¬ 
fied. However, that will not prevent a second adsorbable gas molecule 
from coming within the required distance of the elementary space while 
the first is still held. As soon as the first molecule is released, the second 
will be adsorbed. At a given pressure, a certain fraction of the elementary 
spaces having a given adsorbing force will always have at least one gas 
molecule within their radii of attraction, which, on the basis of this theory, 
is tantamount to saying that at a given pressure a certain fraction of these 
spaces always have gas molecules adsorbed upon them. 

From this point of view, the kinetic treatment proposed by Langmuir 
does not hold for the reason that the time rate of desorption, that is, the 
number of spaces actually becoming bare per unit time, is not independent 
of the pressure. 

The chance for a given elementary space to be covered depends upon the 
chance of its having an adsorbable gas molecule within its radius of at¬ 
traction. This is proportional to the pressure. 

The theory may be developed mathematically in the following manner: 
Let the different kinds of elementary spaces on the adsorbing surface be 
classified merely on a basis of the pressures at which they become satu¬ 
rated, the saturation pressure of a given kind being defined as the lowest 
pressure at which there is always an adsorbable gas molecule within the 
range of attraction of every elementary space comprising that kind. 

Let it be assumed that the amount of gas adsorbed upon each kind of 
spaces is proportional to the pressure and to the total number of spaces 
comprising that kind. 

Let X = total amount of gas adsorbed at pressure P, 

Xi a= amount adsorbed on first kind of elementary spaces, 

Xi = amount adsorbed on second kind of elementary spaces, and 
Xn = amount adsorbed on n*** kind of elementary spaces. 

Then, up to P»„ the pressure at which the n*** kind of space becomes 
saturated, 

= CnA„P ( 1 ) 


where Cn is a constant for the given kind of space, and An is the total num¬ 
ber of spaces comprising the kind, and is constant for the given quantity of 
adsorbent. That is, CA is a parameter constant for a given kind and dif¬ 
ferent for different kinds. It will be referred to as the coefficient of ad¬ 
sorption for the given kind of spaces. 


Then, for the given kind of space. 


dXn 

dP 


= constant, and 


^ X — 4- ^ 

dP “ dP dP • dP 


( 2 ) 
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including all kinds of spaces not saturated at pressure P. However, 

djj^ 

— 9 ^ cdnstant, but diminishes as the respective kinds of spaces become 
saturated. 

It should be theoretically possible to express the total number of ele¬ 
mentary spaces belonging to each kind as a function of the saturation pres¬ 
sure. However, that would require, in order to establish the mathemati¬ 
cal equation, a knowledge of the value of the constant, C, for each kind. 
The values of C are different for different kinds of spaces, because the at¬ 
tractive forces are different; if the attractive forces were not different, all 
spaces would become saturated at the same pressure. In order to obviate 
the above difficulty, it is convenient to express CAy rather than .4, as a 
function of the saturation pressure, that is, to let 


We then have 


and 


CA = m 

(3) 

p /»«/» 

(4) 

dX = f(P)dP 

(5) 


where P, is the pressure at which the entire surface becomes saturated. 
At any given pressure P, A", the total adsorption, is the sum of the amounts 
adsorbed on all kinds of spaces up to pressure P. Therefore 

X f(P)dPdP (6) 

As a matter of convenience in demonstrating the application of the 
theory, let it be hypothetically assumed that the distribution of the ad¬ 
sorption coefficients with regard to pressure follows the probability law 
(2). That is, let 


V IT 

where the pressure is measured positively and negatively from the value 
corresponding to the maximum value of CA, or 

CA = (8) 

V IT 

where the axes have been shifted to avoid negative values of P and Pm 
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is the new codrdinate of the pressure corresponding to the majcjmiim 
value of CA. Then 

r (9) 

Jo Jp V «• 

Since the probability equation may be integrated only by expanding 
into an infinite series and integrating each term separately, it is more con¬ 
venient to integrate mechanically. Figure 1, curve 1, shows the distri¬ 
bution of CA with regard to saturation pressure when K in equation 9 is 
arbitrarily assigned a value of 0.5. Theoretically, of course, P« =■ w. 



Curve 1, distribution of adsorption coefficients with respect to saturation pres- 
sures. Curve 2, ^ versus P. Curve 3, adsorption isotherm, X versus P. 

However, in the figure, the origin has been shifted to that pressure at 
which CA <=‘0 within the limitations of the scale. 

Figure 1, curve 2, is obtained by plotting against pressure, P, the area 
under curve 1 from P to P„ the pressure at which the entire surface be- 

comes saturated. It represents the relation of ^ to P. Figure 1, curve 

or 

3, is obtained by plotting the area under curve 2 from 0 to P. It represents 
the relation of .X to P or, in other words, is the hypothetical adsorption 
isotherm. Only the central part of this curve resembles an actual iso¬ 
therm curve, which means, of course, that the . hypothetical assumption is 
not the correct one. By a method of trial, curve 1 doubtless could be 
altered in such a way as to make curve 3 more nearly resemble an isotherm 
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curve. This is unnecessary, however, for it is more convenient to attack 
the problem in the following manner: 

Since curve 2 is obtained by integrating curve 1 and curve 3 by integrat¬ 
ing curve 2, in any actual case curve 2 may be obtained from curve 3 and 
curve 1 from curve 2 by the reverse process of differentiating. In other 


words, in figure 1 curve 3 represents X versus P, curve 2 represents ^ 

d2V 

versus P, and curve 1 represents — versus P, the minus sign being 


introduced on account of the fact that 


dX 

dP 


decreases as P increases. 



Fi(3. 2. Ai>s()kption of Methane on Glass (Langmuir) 


Curve 1, adsorption isotherm. Curve 2, — versus P. Curve 3, — versus P, 

d” dP* 

i.e., relation of adsorption coefficients to saturation pressures. 


Figure 2, curve 1, represents the isotherm for the adsorption of methane 
on glass, taken from the data of Langmuir (1). Figure 2, curve 2, repre- 

dAT d^A" 

sents versus P and figure 2, curve 3, represents — versus P, the 

differentiation being done mechanically in each case. This shows a maxi¬ 
mum value of the adsorption coefficient (negative of second derivative) 
at a saturation pressure of approximately 1.7 bars, which means that there 
is a maximum amount of adsorption on spaces becoming saturated at that 
pressure. Since the curve is so steep on either side of that pressure, the 
glass surface may be regarded as composed of elementary spaces which 
are nearly all of the same kind. 

Figure 3 represents a similar treatment of the data of Langmuir for the 
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adsorption of methane on mica. There are two maxima in the — 

versus P curve, indicating two principal kinds of elementary spaces on 
the mica surface. The same conclusion was reached by Langmuir by his 
method of treatment. 



Fig. 3. Adsorption of Methane on Mica (Langmuir) 


Curve 1, adsorption isotherm. Curve 2, jp versus P. Curve ~ jpj versus P, 
i.e., relation of adsorption coefficients to saturation pressures. 

Figure 4 represents a similar treatment of the data of Langmuir for the 
adsorption of nitrogen on mica. Curve 3 again shows two principal kinds 
of elementary spaces on the mica surface, whereas the Langmuir equation 
is satisfied by assuming only one kind. Since the mica specimens for the 
two experiments were prepared in exactly the same way, it is not unreason- 
able to expect similar adsorption phenomena for two inert gases. 
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If the theory proposed in this paper be correct, the CA-P distribution 
should be represented by the negative of the second derivative of any 
equation, theoretical or empirical, which absolutely satisfies the adsorption 
isotherm. The Langmuir equation applied to this case is of the form 



/O £0 SO 


Fig. 4. Adsorption of Nitrogen on Mica (Langmuir) 

Curve 1, adsorption isotherm: o, experimental values; -h, Langmuir’s calculated 
dJ^ d^Jf 

values. Curve 2, versus P. Curve 3, — versus P, i.e., relation of adsorption 

coefEcients to saturation pressures. Curve 4, negative second derivative of Lang> 
muir equation versus P. Curve 5, negative second derivative of tVeundlich equa¬ 
tion versus P. 

where a and b are constants for the given case, and the second derivative 
of this equation simplifies to 

d*X - 2a^b 

dP2 ~ (1 + aPy 


( 11 ) 
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whence 


d»Z 2o*b 
dP* “ (1 4- aPy 


( 12 ) 


The o’s in figure 4, curve 1, represent experimental values, whereas the 
+’s represent the values calculated from equation 10 by letting a = 0.156 
and h — 38.9, the values determined by Langmuir. Figure 4, curve 4, is 
obtained by plotting equation 12. By smoothing out curve 1 in accord¬ 
ance with equation 10, the inflection in curve 2 and the second maximum 
in the CA curve are lost entirely, and the first maximum in the CA curve 
is reached at P = 0. It is thus seen that in the case under discussion the 
equation used by Langmuir is reasonably applicable to the present theory 
only at pressures greater than approximately 10 bars. (Curve 4 practically 
coincides with curve 3 at pressures greater than 15 bars.) 

Moreover, this discussion brings to light the fact that the Langmuir 
equation fails also to agree with the Langmuir theory in an important 
respect. One of the principal claims for the Langmuir equation is that it 
explains the fact that the adsorption is practically a linear function of 
pressure at low pressures. Without reference to the present theory of 
adsorption, it is a mathematical fact that the second derivative of a recti¬ 
linear equation is zero. The second derivative of the Langmuir equation 
not only is not approaching zero at low values of P, but its negative ac¬ 
tually has its maximum value of 2a‘h at zero pressure. It therefore seems, 
when the equation is analyzed in this way, that it does not justify this 
claim made for it, which, however, probably has been amplified in text 
books, more than the originator intended. 

On the other hand, the theory proposed in this paper is flexible in that 
respect, since the isotherm begins to bend downward at the pressure at 
which an appreciable number of elementary spaces become saturated, 
whether that pressure be zero or not. The accuracy of the interpretation 
in this and all other pressure ranges depends solely upon the accuracy of 
the experiments. 

The limited applicability of the empirical Freundlich equation, 

X = KP'^ (13) 


may be represented as follows: From equation 13, 

d*X Kn(l - n) 

di-'2 p{i-n) 


(14) 


Letting K = 8.4 and n = 0.417, the values assigned by Langmuir, and 
plotting equation 14 gives curve 5, figure 4. From this equation, the 
negative second derivative is infinitely large at zero pressure. A study of 
this curve indicates that by the proper evaluation of the constants the 
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Freundlich equation may be made to conform approximately to the facts 
only at pressures greater than that corresponding to the maximum value 
of the adsorption coefficient. This is a lower pressure in some cases than 
others, and therefore the empirical equation will apply over a wider pres¬ 
sure range in some cases than others. It will be most applicable in those 
cases in which a large number of elementary spaces become saturated at 
low pressures. 

Further use of the data of Langmuir has not been made for the reason 
that in the other cases cited by him the number of experimental values 
given in the tables is not considered sufficient to warrant an assumption 
as to the exact shape of the isotherm curve. The data chosen were be¬ 
lieved to be the most accurate available, and it is believed that the present 
theory explains them better than does the Langmuir theory. 

The opportunity has not been available for a search for suitable data in 
other sources and the author therefore invites other workers dealing with 
adsorption isotherms to plot the negative second derivatives of those 
curves and criticise the theory accordingly. The treatment given in this 
paper is not regarded by the author as a finished product, but is offered in 
the hope that it may prove to be the nucleus of extended work in the field* 

SUMMARY 

A new theory of the kinetics of gas adsorption has been proposed. 

It is assumed that, in order to be adsorbed, a gas molecule must only 
come within a certain range of attraction of the adsorbing surface, rather 
than actually collide with the surface through its molecular motion. 

The amount of gas adsorbed upon a given kind of elementary surface 
space is proportional to the pressure. 

Different kinds of elementary spaces become saturated at different 
pressures. 

A mathematical treatment has been derived which is in better agreement 
with published data than is the Langmuir equation. 

The applicability of the Langmuir equation to the present theory has 
been discussed and a discrepancy between the Langmuir equation and the 
Langmuir theory has been pointed out. 

The applicability of the empirical Freundlich equation to the present 
theory has been briefly discussed, 
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The structural units of jellies have dimensions of such an order that they 
have failed to yield to the ordinary methods of mensuration. Electrical 
conductivity, diffusion, and adsorption measurements have yielded figures 
of questionable accuracy on account of the uncertainties involved in the 
interpretation of the results. Ultramicroscopic studies in optically empty 
jellies are fruitless, while a measurement of the Rayleigh scattering of 
light, when it is intense enough to be measured, can at best give only 
qualitative results because the elements of structure are far too close to¬ 
gether to obey Rayleigh’s equations. The situation is somewhat better 
with gelatinous membranes where ultrafiltration of colloidal particles and 
Bechold's bubble test are available, but in the former case one is far from 
certain that the maximum diameter of particle that passes the membrane 
is within a factor of 10 of the actual average diameter of channel through 
which it passes, and a corresponding uncertainty enshrouds the bubble 
test, owing to the fact that only the largest passages can be thus estimated 
and also owing to uncertainty of the surface tension at small radii of curva¬ 
ture. X-ray methods can indicate only the size of crystal in crystalline 
gels, but can in no way indicate the relation between size of crystal and 
size of structural units, e.g., fibrils, platelets, spheres, etc., from which the 
gel is constructed. 

The development of a process for the replacement of the liquid in a jelly 
by a gas with little or no change in its structure (2) has made available a 
powerful new measuring rod, the mean free path of the gas molecules. The 
kinetic theory of gases has received such substantiation and acceptance 
in the past two-thirds of a century that the mean free path may be regarded 
as one of the well-established physical quantities. 

Two methods of associating dimensions within the aerogel with the mean 
free path of a gas have been used in this laboratory. By forcing a gas 
through an aerogel at different absolute pressures, the pressure at which 
the type of flow through the gel changes from viscous to molecular can be 
found and related to the average size of opening through which the gas 
passes. The results of this work will be published later. The second 
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method relies upon the linear relation between heat conductivity of a gas 
and its mean free path, other quantities being held constant. 


RELATION BETWEEN MEAN FREE PATH AND HEAT CONDUCTIVITY OP A GAS 

According to the kinetic theory of gases, thermal conductivity of a gas 
is associated with the mean free path by the equations 


and 


k = Bcv'tj 


1 ) = 0.35 pvl 


( 1 ) 

( 2 ) 


where k is the coefficient of heat conductivity, 5 is a constant, Cv is the 
specific heat of the gas at constant volume, tj is the viscosity, p the density, 
V the arithmetical average velocity of the molecules, and I the mean free 
path. The constant 0.35 is due to Boltzmann. The coefficient k can 
then be represented by the expression 


k = k'l (3) 

where A' is a function of the pressure, temperature, and composition of the 
gas. 

Since we know nothing of the nature of the fine structure in an aerogel 
except that the free spaces are much larger than the elements of structure 
themselves (aerogels with 98 per cent void space have been produced), 
we will think of a large number, N, of molecules randomly distributed 
through the aerogel, starting from rest and moving in straight lines in 
all directions until they collide with structural elements of the gel. If the 

dn 

structure is random, which we must assume, the fraction - of the 

molecules that have not yet struck surfaces will impinge within the dis¬ 
tance dZy where n is the number that have already struck. Therefore 

dn = — ^ - dx (4) 

where ^ is the proportionality factor. Integration gives 

n «= iV (l — e 

which is the familiar equation connecting the number of impacts between 
molecules with distance in a gas, and L can now be defined as the mean free 
path of a highly attenuated gas within the aerogel. In other words, 

or 63 per cent of the molecules will hit surfaces in the distance X. 


6 
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In the same manner one finds that when the pressure is sufficiently high 
many molecules strike others in going between surfaces, 

and the mean free path of the gas in the aerogel is 


la 


LI 


L + I 

Now substituting equation 6 into equation 3 

IL , L 


ka = k'L = k' 


= k 


L + I L +I 


(5) 

( 6 ) 


where ka is the conductivity coeflBcient for the gas while in the aerogel. 
It was in this approximate form that the equation was used in a former 
publication (3). 

More careful consideration of the mechanism of heat transfer through 
an aerogel indicates that the coefficient B in equation 1 should be diflFerent 
for the gas in the aerogel than for the free gas under the usual measuring 
conditions where the mean free path is very small with respect to the dis¬ 
tance apart of the calorimeter plates. Where the molecules are moving 
in straight lines between surfaces with only occasional impacts in between, 
as is the case within aerogels at low pressures, it is readily shown that 


j MCvIl 

~ 6.06 X 1023 


where M is the molecular weight and I is the number of impacts of mole¬ 
cules on unit area in 1 sec. Measuring length in centimeters and pressure 
in millimeters of mercury, 

/ . 1.99 X 10« ^ 

which yields 

ka = 0.058 a/% cm —^ (7) 

T T k 

V 

where Zo is the normal mean free path of the gas at the given temperature 
and a pressure of 1 mm. 

Equation 7 assumes that with every impact a molecule comes to thermal 
equilibrium with the surface on which it strikes before it departs. If one 
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assumes that only the fraction a of the molecules comes to thermal equilib¬ 
rium and that the fraction 1 — a is specularly reflected, the equation 
becomes 


h .. 0.058 0 «.l>s 77 -n-^;-rr <® 

\ T 2ua-») + .i (i + 

Equations 7 and 8 neglect the correction factor proposed by Chapman (1) 
as being inoperative under these conditions. 

EXPERIMENTAL PROCEDURE AND RESULTS 

The calorimeter and method of operation were described in a former 
paper (3). 

The gel was made by mixing E Brand water glass, kindly furnished by 
the Philadelphia Quartz Company, diluted to a specific gravity of 1.20, 
with an equal volume of 4.3 N acetic acid and casting over mercury in 
paraflined ciystallizing dishes. After 48 hours the cakes were removed, 
washed free of salts, and extracted in a Soxhlet extractor with 95 per cent 
alcohol until the water content of the cakes was less than 10 per cent. 
They were then placed in an autoclave with excess alcohol and heated to 
260°C., at which temperature the alcohol was allowed to escape. The 
cakes of very nearly the same thickness were next trimmed with a sharp 
knife to shapes that could be fitted closely together on the lower plate of 
the calorimeter. The calorimeter was then assembled and evacuated to 
less than 0.01 mm. for half an hour in order to remove adsorbed moisture. 

Following the evacuation the gas to be used was admitted and measure¬ 
ments made at pressures differing from each other roughly by a factor of 
2. The lowest pressure used was generally in the neighborhood of 10 mm. 
to avoid making measurements at pre^ures so low that the conductivity 
of gas films between the pieces of silica aerogel and the calorimeter plates 
would be affected. 

As was pointed out in the earlier publication in which measurements 
were reported on powdered aerogel, reproducibility of results is good. 
Only occasionally does a reading in a series fall far from a smooth curve, 
and those occasions have been traced to a drift of the zero point on the 
high sensitivity galvanometer that controls the temperature of the guard 
ring. 

The results of the measurements with three gases, air, carbon dioxide, 
and dichlorodifiuoromethane, arepresented in table 2 and the figure. These 
three gases were chosen since they represent three very distinct types and 
possess mean free paths, as calculated by equation 2, differing by a factor 
of 3. Measurements were also made with hydrogen, but were not satis¬ 
factory on account of the high thermal conductivity between guard ring 



HEAT CONDUCTIVITY AND STRUCTURE IN SILICA AEROGEL 


83 


and disc and the consequent uncertainty of readings due to thfe unusually 
bad zero point drift of the galvanometer. When the galvanometer sus¬ 
pension has been replaced, this series will be repeated and the results 
reported later. 

Table 1 gives the calculated constants required in equation 7 for the three 
gases. The required data were obtained from the International Critical 
Tables except for the last gas, for which the data were obtained from the 
literature (4) and from Mr. A. L. Henne. The average temperature of 


TABLE 1 

Calculated constants for air^ carbon dioxide, and dichlorodifluoromethane 


GAS 

u 

0 058v/pr^o 

Air. . . 

7.46 X 10-3 

2.27 X 10-‘ 

CO 2 . ... . 

5 04 X 10-3 

1 67 X 10-* 

CChFi . . 

2 46 X 10-3 

1 20 X 10-‘ 


TABLE 2 

Observed conduettvit)/ of silica aerogel 


AIK 

CO 2 

CChF* 

P 

Conductivity 

X 

P 

Conductivity 

X 106 

P 

Conductivity 

X 106 

mm. 


mm. 


mm. 


740 

4 85* 

745 

4 33* 

740 

3.71* 

363 

4 16 

397 

3 84 

406 

3 38 

183 

3 63* 

206 

3 42 

259 

3 18 

2 

2 93 

100 

3 06* 

123 

2 86* 

43 

3 10 

49 

2 98 

59 

2 63 

94 

3 26 

24 

2 80 

29 

2 59 

206 

3 61 

9 

2 65 

8 

2 68 

387 

4 06 





743 

4 83 


1 

1 




* Values used in calculating the results given in table 3, 


_ cal. 

measurement was 33.3®C. Conductivities are reported as Xsec X°C 

To demonstrate the reproducibility of the data, two series of measurements 
were taken on air and distinguished in the figure by crosses and circles. 

CALCULATIONS 

Owing to the difficulty of obtaining good thermal contact between the 
calorimeter plates and the cakes of aerogel, there is a constant thermal 
resistance in series with that of the aerogel itself. The series conductivity 
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will be called h- Also in parallel with the conductivity due to the gas in 
the aerogel, there is a constant conductivity, kz, due to the continuous 
structure of silica and to the gas in the small spaces between the cakes. 
The overall conductivity, k, as measured in the calorimeter, is related to 
the other conductivities by the equation 


1 

kg kz kz K 


(9) 



FlO. 1. CONDUCTIVITT OF SlLICA AbROOBI. 


To be perfectly general it is evident that equation 8 should be used for 
kg in order to allow for a possible accommodation coefficient a less than 1. 
From what is known of a gel surface, however, it seems permissible, at 
least as a first approximation, to establish 0 = 1 and therefore gain the 
decided advantage of the simplicity of equation 7. 

' From the curves in the figure, one can estimate the value of kz for each 
gas as the asymptotic value at low pressures. This quantity combined 
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with the calorimetric conductivities at two other pressures enables one to 
solve equation 7 for L. Table 3 gives the results of such calculations, 
using the values of K starred in table 2. 

It is gratifying that by the use of three such different gases one should 
obtain such concordant results, and it gives one confidence both in the 
method and in the verity of the conclusions. The average distance apart 
of the structural elements in this batch of silica aerogel whose apparent 
density was 0.184 g. per cubic centimeter must lie very close to 5 X 10~* 
cm., or 500 A.U. 

There is one second-order source of error in these calculations that must 
eventually be mathematically evaluated. In the derivation of the coeffici¬ 
ent 0.058 in equation 7, it was assumed that all of tlie impacts experienced 
by gas molecules within the aerogel are with surfaces. This assumption 
is a very close approximation, particularly at the lower pressures, but at 
the higher pressures, where there are more direct impacts between gas mol¬ 
ecules, the coefficient should increase slightly. This dependence of the 


TABLE 3 

Calculated free spaces tvithin the aerogel 


GA8 


L 

Air. 

2 9 X 10"» 

cm. 

4 8 X 10“< 

CO 2 . 

2 6 X 10-« 

5.1 X 10-« 

CCljF,. 

2 5 X lO-*^ 

5 1 X 10“< 

Average. 


6 0 X 10-* 


coefficient upon pressure will slightly increase the calculated value of L, 
Nevertheless, as a first approximation and as a very acceptable value until 
this function can be evaluated, the average of table 3 can stand. 

SUMMARY 

The heat conductivity of silica aerogel of density 0.184 filled with three 
different gases at various pressures has been measured. The relation 
between heat conductivity, mean free path of the gas molecules, and the 
average distance separating the elements of structure in the aerogel has 
been derived from kinetic theory, and the last quantity has been evaluated 
at 6.0 X 10“® cm. 
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I. STATEMENT OF PROBLEM 

One of the purposes of the study of molecular diffusion into a gel has 
been to obtain information about the structure of the gel. Thus, in spite 
of the fact that early investigators had assumed the gel to have no effect 
on the diffusion, it is now a matter of record that mechanical blocking, 
wall friction, and viscosity effects do modify the rate at which a simple 
solute molecule can diffuse across an interface and into such a solid. It 
appeared possible to us that the methods which have been successful in 
the study of gels could be extended to the porous solids. Therefore it 
was decided to measure the rate of diffusion, from dilute aqueous solutions, 
of the neutral molecules urea, glycerol, and lactose into wood samples, 
with the expectation that these diffusion data could be used to estimate the 
effective mechanical blocking. Wood samples were chosen because 
through the efforts of the scientists at the U. S. Forest Products Laboratory 
and elsewhere the capillary dimensions for certain species are quite ac¬ 
curately known. This report describes the results obtained in a somewhat 
extended series of experiments and discusses their significance. 

A number of interesting experiments have followed the successful 
analyses by March and Weaver (8) and by Langer (7) of the mathematical 
problem involved in a diffusion experiment in which the process is allowed 
to take place across the interface formed by a stirred liquid in contact with 
a gel or porous solid. As a result of experiments based upon this analysis 
Friedman and Kraemer (3) have been able to make observations of the 
diffusion of non-electrolytes into gelatin gels, Friedman (2) and Klemm 
and Friedman (4) have been able to extend the work to agar and cellulose 

» A more complete account of this work is to be found in the thesis of L. C. Cady, 
presented to the Faculty of the University of Wisconsin in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy and filed in the Library of the 
University of Wisconsin in August, 1934. 
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acetate gels, and Wolkowa (14) has obtained data for the diffusion of glu¬ 
cose into silica gels. In all these eases the diffusion into the gel is slower 
than it is into pure water at the same temperature. Friedman and 
Kraemer considered three causes for the retarded diffusion: a mechanical 
blocking by the gel substance, an additional resistance due to the proxim¬ 
ity of the diffusing molecule to the capillary walls, and an increased viscos¬ 
ity of the dispersion medium due to the solution in it of a certain amount of 
the gel substance. Ck)rrection for these effects was made by the use of an 
equation of the form, 

D., = Z). (1 -h t) (1 + 2.4 r/R) (1 -f- a) (1) 

In this equation, 

D„ is the diffusion coeflScient of the substance into water, 

D, is the diffusion coefficient of the substance into the gel or porous 
solid, 

jr is the correction factor for mechanical blocking, 

r is the radius of the diffusing molecule, 

R is the radius of the pore through which the diffusion is taking 
place, and 

a is the correction factor for changed viscosity. 

In the treatment of our experimental data we shall prefer to make use 
of another equation, as follows: 

I>„ (1 - tt) = Z)„ ■ 4 = Z). (1 + 2.4 r/R) (1 + a) (2) 

Our work has been done with wood samples, and R is now to be interpreted 
as the effective radius of the pit membrane pores. Since mechanical 
blocking serves to reduce the unit area through which the diffusion can 
take place, it has seemed logical to compare D, and Du, for a process tak¬ 
ing place across equal areas. This necessitates the adjustment of Du, 
to the reduced open cross-sectional area of the porous substance. Thus, 
the mechanical blocking may be taken into account by multipl 3 ring Z>„ 
by a factor A, which is the fraction of the area unobstructed by the solid 
substance. Then differences between Z>„ values which have been adjusted 
in this way for reduced cross-sectional area and D, are due to other fac¬ 
tors, including the anisotropic character of the wood. 

Aside from microscopic measurements with extremely thin sections there 
is no direct method by which the amount of open area in a given surface 
can be evaluated. The method of attack most frequently used is based 
upon a determination of the partial pore volume of a sample, using densi- 
ity measurements. If the partial pore volume is represented by S, then 
S = 1 — g/d. In this definition, g is the weight of the gel or porous 
solid per cubic centimeter, and d is the density of the solid material form¬ 
ing the structure. 
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Thus, the problem becomes one of expressing the factor A in terms of S. 
There are two conditions which any equation relating A and S should 
fulfil. When the partial pore volume is zero the substance is solid 
throughout, the area is completely blocked, and the factor A becomes zero. 
Likewise, when the partial pore volume is unity there is no mechanical 
blocking, none of the area is obstructed, and A becomes unity. The 
mechanical blocking factor has been obtained in different ways by 
interested investigators. In order to collect in one place a few of the 
results, table 1 and figure 1 have been prepared. 

Buckingham’s equation was based upon his observations of the resist¬ 
ance experienced by carbon dioxide and oxygen diffusing through soil. 
The Dumanski expression resulted from an attempt to calculate by theory 
the area in a single plane of the sections of spherical molecules forming 
the disperse phase. It was applied by Dumanski to the correction of 
both electrical conductivity and diffusion data for gels. To correct con¬ 
ductivity data which were obtained with samples of wood, Stamm modified 


TABLE 1 

Evaluation of mechanical blocking factor A 


VALUE OF A 

INVESTIGATOR 

REFERENCE 


Buckingham 

U. S. Department of Agriculture, Bur. 
Boils, Bulletin No. 25 (1904) 

1 - (1 - 

Dumanski 

Kolloid-Z. 8 , 210 (1908) 

s 

Stamm 

J. Phys. Chem. 36 , 312 (1932) 


the equation, because in this case the structural units are elongated rather 
than spherical in shape. The diffusion problem was not considered by 
the latter investigator. 

Since Friedman and his associates have adopted the Dumanski rela¬ 
tionship for their work it may be remarked that their use of equation 1 is 
equivalent to a definition of the mechanical blocking factor such that, 

^ __ 

1 4- (1 - 

This equation does not meet the condition that A must be zero when the 
partial pore volume is zero, therefore it cannot have any general validity. 
The reason why its use with gel systems which have very large values of 
partial pore volume has not led to apparent difficulties is evident from an 
inspection of figure 1. 

The correction to be made for the increased frictional resistance to the 
movement of a molecule in the neighborhood of a wall has been studied at 
some length by Ladenburg (6), Arnold (1), and many others. The correc- 
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tion used in the diffusion equations (1,2) is that of Ladenburg. The effect 
of the proximity of the wall surface on spheres falling in cylindrical glass 
vessels was measured, and Stokes’ law of fall was modified to take it into 
account. Arnold confirmed the Ladenburg correction and showed that it 
is independent of the viscosity of the liquid in which the molecule or par¬ 
ticle is moving. 



Fig. 1. Evaluation of Mechanical Blocking Factob 


In order to correct the law of Stokes the viscosity was multiplied by the 
factors (1 -I- 2.4 r/R) and (1 + 3.3 r/h). In these factors h is the length 
of the capillary, and r and B have the significance already assigned them. 
The second factor becomes appreciable in the case of short tubes with 
closed ends and may be disregarded in the gel and wood problems. For 
wood, h would be twice the diameter of a lumen which is about one thou¬ 
sand times the value of r. 

Obviously the additional resistance to motion caused by the proximity 
of the wall will manifest itself for a limited range of values of r/B. When 
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r/i2 is large, one is dealing with a condition approaching ultrafiltration, 
but when rjR is very small, the wall is so far removed that the condition 
is one of free fall, or in the case of a diffusion, one of free diffusion. The 
data of Ladenburg indicate that this ratio should have values between 
1/90 and 1/11 if the first factor is to be applicable without modification. 
Arnold’s curves place the lower limit in the neighborhood of 1/100, with 
the upper limit at about 1/10. 

The correction factor a for increased viscosity of dispersion medium is 
obtained from the difference between £), at zero concentration of solid nnH 
Du,. Since there is only one “concentration” of wood substance when the 
voids or capillaries are filled with water, it is not possible to estimate a. by 
an extrapolation of the kind resorted to when synthetic gels are being 
considered. For reasons which cannot be given at this time it seems 
reasonable to conclude that the factor a can be considered to be negligible 
in our work with wood sections. 

If this correction factor for increased viscosity of medium can be neg¬ 
lected, diffusion experiments of the type to be reported here can give 
considerable information with regard to the magnitude of the mechanical 
blocking effects, because the radii of the diffusing molecules and the aver¬ 
age radii of the pores of the pit membranes are known with some degree of 
accuracy. Stamm (13) has summarized the results for R obtained by 
using several independent methods. In this way it should be possible to 
differentiate between the several equations proposed to calculate the mag¬ 
nitude of the mechanical blocking coefficient. In addition, differences be¬ 
tween observed values and values obtained by calculation with the equa¬ 
tion adjudged to be most nearly correct can be ascribed to the anisotropic 
character of the capillary spaces and to the presence of lumen pores with¬ 
out outlet. 

It might be assumed that diffusion studies of the kind we are to report 
would make possible an estimate of an average radius of the pit membrane 
pores in wood sections, but when it is realized that the principal cause of 
the reduction of diffusion is the mechanical blocking, the difficulties in¬ 
volved become apparent. We have little exact information about several 
factors which determine the effective area available for the diffusion. 
Furthermore, since the effects due to mechanical blocking are very large 
compared to those which result from the additional frictional resistance to 
motion due to the proximity of the walls, small errors in the A factor would 
lead to large errors in the determination of the ratio rjR, and therefore 
in the effective capillary area of the pores of the pit membranes. 

II. MATHEMATICAL FORMULATION AND EXPERIMENTAL PROCEDURE 

The coefficient of diffusion or diffusion constant is defined as the quan¬ 
tity of matter which in unit time moves through a unit of cross section 
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under unit concentration gradient. In this work it was required to de¬ 
termine the constant for various solute molecules, moving across the inter¬ 
face formed by the stirred solution in contact with a wood section, from 
observations of the decrease in concentration of the solution with time. 
March and Weaver showed that the diffusion constant, D„ of a solute 
moving into the solution contained in a porous solid is given by the 
expression 



( 3 ) 


In this equation D, is the diffusion constant expressed in cm.* per second, 
and a is the thickness of the solid and also the depth of the solution above 
the solid. The value of T is found from the equation, 

y = i - (0.327e~‘ ‘"^ 4- 0.0766e"‘'^ ”*’ -f 0.0306e“®* 

4- 0.0160c“‘“^ 4- O.OlOOe"**^ 4- 0.0067e"*”*’ 4- • • •) 

In this expression V is the fraction of the total amount of solute which has 
diffused into the void spaces of the solid. In our experiments this quan¬ 
tity was found by determining the concentration of the solution above the 
block of wood with an immersion refractometer. At any time, t, 


V = 


Ro — Rt 
Ro — Ru 


(4) 


Here Ro is the reading of the refractometer for the solution at time, f = 0, 
Rt is the reading at time t, and 

Ru, is the reading for the solution originally filling the void spaces 
of the solid. 

In order that equation 3 be exact it is required that the depth of solution 
and thickness of the solid be the same, and that the solution be maintained 
at uniform concentration throughout. In order to use equation 4 in the 
form given, it is necessary to assume the concentration of solute to be 
directly proportional to the refractive index of the solution. 

In practice, values of T were assumed and the corresponding values of V 
were calculated. A plot of V versus T was then made and values of T 
for any experimentally determined value of V were read from the curve. 

In an experiment a block of wood was saturated with water and fitted 
into a thermostated brass diffusion chamber. The solution containing 
nearly spherical solute molecules was placed in contact with the block, and 
the change of concentration with time, as the solute diffused into the block 
of wood, was observed. 

Samples of cedar and white fir were obtained from freshly felled trees 
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about 15 in. in diameter. The sample of white pine was a kiln-dried piece, 
and results with it were obtained largely while developing the technique 



Fig. 2. Location of Samples Taken from Tree 



of the method. The Western hemlock sample was furnished by the U. S. 
Forest Products Laboratory. Sections taken from these were numbered 
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as shown in figure 2. All samples were turned to the required sise in a 
lathe and the ends were coated with paraffin to prevent dryii^ and check¬ 
ing. To lower the humidity to a sufficient extent to avoid growth of 
molds, the samples were kept over a saturated solution of barium chloride. 

The turned wood samples were cut into cylindrical blocks of the desired 
length, which varied from 1.5 to 4.0 cm. The exact thickness was meas¬ 
ured with a micrometer caliper. The samples were placed in an evacua¬ 
tion cell whose construction is indicated by figure 3. This cell was a brass 



Fio. 4. Diffusion Cxll 


cylinder 5 in. long and 2 in. in diameter. C!over and bottom, provided 
with brass stopcocks, were arranged so that they could be clamped to the 
cylinder. The upper stopcock was connected to a vacuum pump and the 
lower one was attached to a mercury manometer. Rubber gaskets be¬ 
tween the cylinder and the cover and bottom sealed the apparatus. The 
cylinder, with block in place, was maintained for about twenty-four hours 
at a pressure of 4 to 5 mm. of mercury. Water was introduced through 
' the lower stopcock of the cell in order to fill the evacuated void spaces in 
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the block of wood. The sample was then kept for four weeks or longer in 
a vacuum desiccator filled with water, from which the air was exhausted 
at intervals. 

The difiEusion apparatus proper is shown in figure 4. It resembled the 
evacuation cell in form except that it had no stopcocks and the cover piece 
was provided with a stirrer and tapped hole to permit removal of the 
sample. 

Since diffusion was to take place only across the upper surface of the 
block, it was necessary to make it impossible for the solution to come into 
contact with the sides and bottom of the block. This was accomplished 
by painting the block on these faces with an aluminum-glyptal paint, and 
then coating them with a layer of paraffin to such a thickness that the block 
would not quite slip into the cylinder. The cylinder was then warmed and 
the paraffined block forced into it. On cooling, the block was firmly 
imbedded in the paraffin. The apparatus was tested for tightness by 
allowing it to stand full of water overnight. Any seepage of water along 
the sides of the block could be detected in this way. After inversion to 
remove the excess water, the cell was clamped firmly to a brass frame by 
means of which it was possible to lower the cell in fixed position into the 
thermostat. The temperature chosen for the experiments was 25®C. 
To start an experiment an amount of the solution, such that its height in 
the cell was equal to the height of the wood block, was introduced into 
the diffusion cell. 

The choice of solute molecule was restricted for several reasons. The 
molecule should be nearly spherical in shape and of such radius that the 
ratio rjR falls within the limits mentioned in the previous section. The 
refractive index of the aqueous solution should be such that it varies lin¬ 
early with the concentration of the solute. The solution should not cause 
change in any of the constituents of the wood. The molecules urea, lac¬ 
tose, and glycerol met these requirements fairly well. The concentration 
of the glycerol solution used was 4 per cent, while that of the urea and lac¬ 
tose was 5 per cent, by weight. The concentrations were kept as low as 
possible in order to avoid a ^'solute hindered” diffusion, but at the same 
time the concentration was great enough to allow a difference of reading 
of 15 to 20 immersion refractometer units between the solution and water 
at the beginning of the experiment. 

Refractometer readings were taken at the beginning of the experiment 
and at intervals of from twelve to twenty-four hours. The diffusion was 
allowed to continue until successive readings indicated that equilibrium 
had been reached. Six to twelve values of the diffusion constant were 
determined for each block. In this way it was possible to obtain a repre¬ 
sentative value provided the variations between individual figures were 
not excessive. Preliminary experiments showed that there was no change 
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of refractometer reading due to leakage, seepage, oil from the stirrer, or 
solution of material from the cylinder or paraffin. Further, no measur¬ 
able sorption of solute by the wood substance was found. Before the 
start of all experiments the blocks were saturated as nearly as could be 
determined by weighing at intervals to constant weight. The rate of 
stirring was so adjusted that the solution was kept at uniform concentra¬ 
tion without producing a vortex effect above the block. A stirrer speed of 
275 B.F.M. was maintained. 

The initial refractive index of the water saturating the block depended 
upon the amount of material extracted from the block and varied with the 
species of wood. It was assumed that the solution filling the void spaces 
of the wood and the solution covering the block had reached equilibrium 
during the time that the block was in the vacuum desiccator. The refrac¬ 
tometer reading, Ev, was taken as the value obtained for the solution in 
which the block was saturated. 

HI. EXPERIMENTAL RESULTS 

Data obtained in a typical diffusion measurement are presented in table 
2. The values of D, in this table check each other unusually well, but in 
practically all cases the mean deviation from the average value is less than 
0 . 01 . 

The length of the block which could be used was fixed within definite 
limits by the dimensions of the diffusion cell, the amount of solution that 
could be stirred adequately, and the effect of sample removal upon the 
concentration of the remaining solution. It is evident from table 3 that 
the length of the block may be changed by 100 per cent without changing 
the diffusion coefficient to an appreciable extent. 

Additional experiments were made in which the wood was saturated 
with the solution so that a diffusion of the solute into water above the block 
took place. When glycerol diffused into the seasoned heartwood of white 
pine a value of D, = 0.66 X 10~‘ was obtained. Reversing the experi¬ 
ment with glycerol diffusing into the water above the block the value 
D, = 0.63 X ]0~‘ resulted. However, experiments in which the solute 
diffused out of the block into the water above it offered several difficulties 
and were not generally used. 

When the pore dimensions of the wood blocks were larger, the values for 
the diffusion constants increased. In all, there could be distinguished: 
(1) hindered diffusion, in which the ratio r/E was not too small to be of 
significance; (2) free diffusion, in which the effective pores were small 
enough to prevent mixing of the water in the block with the solution, but 
large enough to allow practically unrestricted diffusion of the solute mole¬ 
cules; and (3) stirred diffusion, in which the pores were so large that me¬ 
chanical mixing with the liquid in the pores of the wood block took place 
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as the solution was stirred. There is involved a mechanical blocking in 
all three cases. Results-of experiments typical of the three kinds of diffu¬ 
sion have been collected to form table 4. The solute used was urea, for 
which = 1.3 X 10-‘ at 25‘'C. 

There have been summarized in table 5 the data for diffusion studies 
made on wood sections cut in the transverse direction. In the table heart- 
wood is represented by the symbol Hw and sapwood is designated by Sw. 
Numbers in parenthesis after the kind of wood refer to the positions indi¬ 
cated by the chart, figure 2, which gives the location of the sample in the 
tree. The sample labeled 3a was taken next to the center but not con- 


TABLE 2 

Diffusion data for lactose into heartwood of white fir 
Length of block * 3.14 cm.; Rv, =* 14.00; Rq « 31.50 


HOUHS 

Rt 

RoRt 

V 

T 

n, X lo* 

22.8 

29 00 

2 50 

0 143 

0 0205 

0.248 

46 8 

28 10 

3.40 

0.194 1 

0 0414 

0 244 

70 8 

27 48 

4 02 

0 228 

0 0615 

0 240 

94 8 

27 00 

4 50 

0 257 

0 0828 

0 240 

119.8 

26 55 

4 95 

0 282 

0 1062 

0 244 


TABLE 3 


Effect of length of block on diffusion coefficient of glycerol into white fir 

heartwood (ff) 


BLOCK LENGTH 

D , X 10» 

cm. 


1.35 

0 46 

1 38 

0 45 

1.41 

0.46 

2.09 

0.44 

3 14 

0.44 


centric with it. Each figure in the table represents the average value of 
from six to twelve diffusion coefficients obtained from experiments on 
two to six samples of wood. 

It may be concluded from these data that a reproducible hindered or 
nearly free diffusion, of the type required for estimation of the mechanical 
blocking effect, results when observations are made on the heartwoods of 
pine, cedar, hemlock, and fir. It is also indicated that the structure of the 
sapwood in these species is too coarse to give consistent and reproducible 
diffusion constants. 

The above data have been obtained with wood samples cut in the trans- 
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verse direction. Diffusion into radial sections was also investigated and 
much lower diffusion constants resulted. Space does not permit the 

TABLE 4 


Effect of pore size in determination of type of diffusion 
Figures given are diffusion constants for urea, Z>« 


TIMB 

INTBBVAL 

WHITB FIR 
HBARTWOOD (3) 
HINDBRBD DIFFUSION 

WRITE FZR 
HBARTWOOD (2) 
APPROACHES FREE 
DIFFUSION 

WHITE FIR 
SAPWOOD (1) 
STIRRED DIFFUSION 

(slow stirring) 

WHITE FIR 
SAPWOOD (1) 
STIRRED DIFFUSION 
(rapid stirring) 

1 

0 34 X 10-» 

0 64 X lO”* 

1.38 X 10“® 

1.66 X 10~fi 

2 

0 36 X 10“S 

0 66 X 10-» 

1 34 X 10~« 

1.61 X 10-«i 

3 

0.34 X 10“® 

0.65 X 10“* 

1.31 X 10“* 

1.55 X 10-«^ 

4 

0.35 X 10-« 

0.63 X 10“» 

1.19 X 10-« 

1.38 X lO-fi 


TABLE 5 

Diffusion data for wood samples cut in transverse section 


WOOD 

SOLUTE 

SAMPLES 

D, X10» 

TTFB OF 
DIFFUSION 

Cedar Sw (1). 

Lactose 

6 

0.85-2.4 

Stirred 

Cedar Sw (1). 

Glycerol 

3 


Stirred 

Cedar Hw (2). 

Glycerol 

5 

0.43 

App. free 

Cedar Hw (2). 

Lactose 

3 

0.20 

App. free 

Cedar Hw (3a). 

Lactose 

3 

0.13 

Hindered 

Cedar Hw (3). 

Glycerol 

2 

0 25 

Hindered 

Cedar Hw (3). 

Lactose 

6 

0.12 

Hindered 

Cedar Hw (3). 

Urea 

3 

0 38 

Hindered 

Western hemlock Sw. 

Glycerol 

2 

0 26-0 93 

Stirred 

Western hemlock Hw. 

Lactose 

2 

0.18 

App. free 

Western hemlock Hw. 

Glycerol 

3 

0.43 

App. free 

White fir Sw (1). 

Urea 

3 

0.86-1.55 

Stirred 

White fir Sw (1). 

Lactose 

3 

0.52-1.51 

Stirred 

White fir Sw (1). 

Glycerol 

6 

0.40-0.63 

Stirred 

White fir Hw (2). 

Urea 

3 

0.67 

App. free 

White fir Hw (2). 

Glycerol 

6 

0.44 

App. free 

White fir Hw (2). 

Lactose 

4 

0.22 

App. free 

White fir Hw (3). 

Glycerol 

3 

0 30 

Hindered 

White fir Hw (3). 

Urea 

3 

0 36 

Hindered 


presentation and discussion of these data at the present time. Purely 
tangential sections of required length could not be cut from the trees 
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from which the sample blocks were taken. Several experiments with 
semi-tangential sections also gave much lower diffusion constants. 

IV. DISCUSSION OF RESULTS 

In the experiments in which a hindered or nearly free diffusion took 
place we assume D, to be smaller than D„ for two reasons. The first and 
more important reason is the effect of the mechanical blocking, the second 
is the additional resistance to motion due to the proximity of the pit 
membrane pore walls to the diffusing solute molecule. Values of the frac¬ 
tional open area A have been calculated by the use of equation 2. In these 

TABLE 6 


Fractional open area of transverse heartwood sections 


apEasa 

aOLUTE 

D, 

rJR 

a 

A 

Western cedar (3). 

Glycerol 

0.25 

0.05 


0 32 

Western cedar (3). 

Lactose 

0.12 

0.10 

0 70 

0 32 

Western cedar (3). 

Urea 

0 38 

0 04 


0 32 

Western cedar (3a). 

Lactose 

0 13 

0 10 

0.70 

0 36 

Western cedar (2). 

Glycerol 

0 43 

0 03 

0.72 

0.56 

Western cedar (2). 

Lactose 

0 20 

0 10 


0.54 

Western hemlock (Hw). 

Glycerol 

0 43 

0 05 

0 71 

0.55 

Western hemlock (Hw). 

Lactose 

0 18 

0 08 


0.48 

White fir (3). 

Glycerol 

0 30 

0 03 

0.77 

0 36 

White fir (3). 

Urea 

0 36 

0 02 


0.30 

White fir (2). 

Glycerol 

0 44 

0 03 


0 54 

White fir (2). 

Lactose 

0.22 

0 05 

0.77 

0.54 

White fir (2). . 

Urea 

0 67 

0 02 


0 54 


calculations a is assumed to be zero and the pit membrane pore radii, 
based on Stamm's values, are for Western red cedar, 8 in/x, for Western 
hemlock, 12 m/x, and for white fir, 15 m/x. The values of A have been 
collected to form table 6. These values are shown by the points on 
figure 1. 

The values of A fall into two regions, one at about 0.35 and the other at 
about 0.55, depending upon the distance from the center of the tree at 
which the sample was taken. Samples of heartwood taken at some dis¬ 
tance from the center (region 2) give blocking coefficients which are but 
slightly below those required by the Dumanski equation. The differences 
between observed values and values obtained by calculation with the 
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Dumanski equation are probably due, in large measure, to the anisotropic 
character of the capillary spaces in the wood, and to aspirated tori. These 
samples are representative of the major area of the heartwood. 

Samples of heartwood taken from the center (region 3) have A values 
lying much below the expectation based upon the use of the Dxunanski 
equation, and even below that required by the Buckingham relation. 
These low values are not surprising when it is realized that the percentage 
of aspirated tori is high at the center of the tree. Furthermore, the actual 
effective value of the radii of the pores of the pit membranes is probably 
smaller than the value actually used in the calculations. A reduction of 
pit membrane pore radius for red cedar from 8 m/i to 4 m^t would cause an 
increase in blocking of 0.06 unit. Further, it must be recognized that the 
blocking factor changes more from the center to the periphery of the tree 
than would be expected from density measurements alone. 

It is worthy of note that the data of table 6 are not inconsistent with 
rough estimates of the relative amounts of open and closed area of a wood 
section as determined by running a planimeter over photomicrographs of 
transverse wood sections. These estimates, made on photomicrographs 
which have been reproduced in articles by Ritter (12), indicate a fractional 
open area varying from 0.35 to 0.40. 

The data obtained, therefore, may be considered to indicate the essen¬ 
tial correctness of the theoretical deductions of Dumanski for the calcula¬ 
tion of the mechanical blocking factor in a diffusion experiment involving 
a porous solid. We are not prepared to say as to whether or not the devia¬ 
tion between experiment and theory can be completely accounted for on 
the basis of the considerations presented above, because the apparent 
diffusion constants may be affected by the particle size and other factors 
not yet taken into account. The matter is deserving of further experi¬ 
mental work and theoretical anaijrsis. 

Finally, the data of this article are not without interest in connection 
with recent studies of Northrop and Anson (11) and of McBain (9, 10), 
in which the diffusion process has been caused to occur across thin porous 
membranes of alundum or glass powders, the idea being that the process 
would be greatly accelerated owing to the maintenance of a high concen¬ 
tration gradient, and at the same time, troublesome convection currents 
would be avoided. As Northrup and Anson point out, the pores must be 
small enough to prevent convection currents in the liquid held in them and 
large enough to allow free diffusion of the particles or molecules of the 
solute. It is evident from our table 4 that there is, between the two ex¬ 
tremes, such a favorable capillary pore size in some wood sections for the 
diffusion of solute molecules of radius comparable to that of urea. It is 
only reasonable to suppose that there can be found other membranes 
having pore sizes to permit free diffusion of any given solute molecule and 
at the same time prevent convection currents. 
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In the method of Northrup and Anson a membrane is standardized 
against some solution, the diffusion constant of which is known, much 
after the fashion of the determination of the constant of a conductance 
cell. When the membrane constant for the diffusion apparatus with a 
particular diaphragm has been determined, it is used to obtain the diffu¬ 
sion coefficient for unknown substances. In this way any effects due to 
what we have termed mechanical blocking are eliminated. 

Among other things this determination of membrane constant assumes 
invariable effective area of the pores. It would seem, therefore, that 
there still remains some uncertainty as to what effect, if any, there will 
be when the radius of the diffusing molecule is varied over such wide 
limits as has been the case in the investigations which have been carried 
out in this manner. At the present time we are inclined to agree with 
Kracmer (5), who writes, “This technic, however, combines the theoretical 
complications of osmotic pressure and free diffusion so that results ob¬ 
tained in this way for /), if presumed to be quantitative, can only be ac¬ 
cepted as provisional until independent confirmation is obtained. 

SUMMARY 

1. Diffusion experiments in which the process is allowed to take place 
across the interface formed by a stirred liquid in contact with a gel have 
been extended to porous solids. The coefficients of diffusion at 25®C. of 
urea, lactose, and glycerol from aqueous solution into transverse sections 
of samples of white fir. Western hemlock, and Western red cedar wood 
have been determined. 

2. From the data obtained it has been possible to distinguish three kinds 
of diffusion. They have been described as hindered diffusion, free diffu¬ 
sion, and stirred diffusion. Attention has been called to results of experi¬ 
ments which are typical of each. These data are of interest in connection 
with recent methods which have been proposed for the determination of 
the diffusion coefficient of a solute from its rate of passage through a thin 
porous membrane. 

3. Fractional open areas for heartwood sections have been calculated 
by using a modified theory, when it could be shown that the diffusion con¬ 
stant was not influenced by the rate of stirring. Comparisons of the ex¬ 
perimentally observed mechanical blocking factors with those calculated 
by the theoretical and empirical equations already existent in the litera¬ 
ture have been made. 
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Early workers in the fields of plant anatomy and physiology did not 
believe there were any direct openings between the cells of wood. To ex¬ 
plain the movement of viscous organic substances, preserving oils for ex¬ 
ample, Tiemann (21) advanced the hypothesis that the wood was made 
permeable by checks which developed in the cell wall during seasoning. 
Weiss (22) modified this hypothesis to explain why a greater penetration 
of preserving oils was obtained in the dense summerwood of longleaf pine. 
Information was later submitted by Bailey (1, 2) which led him to conclude 
that the intercellular movement of preserving fluids was through small 
openings in the pit membranes. Scarth (14), after an examination of 
coniferous wood impregnated with mercury, also concluded that the 
effective intercellular communication was localized in the bordered pits. 

Assuming that the pit membrane pores were the means of intertracheid 
flow, Stamm (15) has used physical methods to obtain the dimensions of 
the pit perforations. The range in average diameters (of true circles 
having the same effect as the openings of unknown shape) of the pit per¬ 
forations in two species was found to be 11 mp to 23 mp. The range in 
maximum diameters for five woods was found to be 68 mp to 184 mp. 
Stamm (16) also has recently made determinations of the ratio of the effec¬ 
tive capillary length to tlie effective capillary cross section of the pores in 
the pit membranes. 

The influence of certain of the gross structural features of wood upon the 
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movement of liquids has been investigated by a number of workers. 
Griffin (5, 6) and MacLean (13) have obtained evidence that the position 
of the tori of the bordered pits influences the permeability of wood. Tees- 
dale (18) and Teesdale and MacLean (19) found that the distribution of 
resin canals and the freedom of vessels from obstructions are other struc¬ 
tural features which influence the impregnation of wood. These studies 
clearly showed, however, that wood of similar gross structure may react 
quite differently to impregnation. 

Investigations have been made of the effect of pressure upon the rate 
of flow of liquids through wood. Johnston and Maass (9), referring to the 
influence of pressure, state: “The rate of flow in greenwood and sapwood 
tends to increase in proportion to the pressure when the system is in a 
stable state, but in seasoned wood, flow increases more rapidly especially 
at the higher pressures, when even sapwood departs from a linear rela¬ 
tionship.” On the other hand Sutherland, Johnston, and Maass (17) 
have reported that the rate of flow of water through seasoned and un¬ 
seasoned white spruce and the unseasoned heartwood of black spruce was 
approximately proportional to the pressure. For the unseasoned heart- 
wood of Norway pine, cedar, tamarack, balsam fir, and white pine a dis¬ 
proportionate increase in rate of flow was obtained for increased pressures. 

Teesdale and MacLean (20), in an early work, found no apparent rela¬ 
tionship between viscosity (expressed in Engler numbers) and the ease of 
movement of mixtures of coal-tar creosote and coal tar in the heartwood of 
longleaf pine. Bateman (3) recalculated their data and concluded that 
when the viscosity was expressed in centipoises a definite relationship 
between the viscosities of the preserving oils and their penetrations into 
wood did exist. MacLean (10, 11, 12, 13) in later work emphasized the 
importance of the relationship between absolute viscosity and the penetra¬ 
tion into wood of aqueous solutions of zinc chloride, mixtures of coal-tar 
creosote and petroleum, and coal-tar creosotes. Howald (7, 8) found, 
however, tliat the penetrations of certain petroleums and mixtures of coal- 
tar creosote and petroleum could not be predicted from their viscosities. 
Likewise Johnston and Maass (9) have observed deviations from purely 
viscosity considerations for aqueous solutions of neutral sulfites when the 
rates of flow of these solutions were compared with water, and Sutherland, 
Johnston, and Maass (17) have obtained similar results for aqueous solu¬ 
tions of glucose. 

EXPERIMENTAL 

The problem 

We have studied certain of the relationships governing the pressure 
movement of liquids in wood. These were: (1) the influence of moisture 
content of wood below the fiber-saturation point upon the relative effec- 
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tiveness of the intercellular openinp, (2) the influence of pressure upon the 
rate of flow of water through wood, and (3) the movement of organic 
liquids and salt solutions through wood. 

Apparatus and methods 

The effect of moisture content upon the pressure necessary to overcome 
the surface tension of benzene in the maximum effective intercellular 
openinp in wood was determined with an apparatus similar to that de¬ 
scribed by Stamm (15). 

The rate of flow of different organic liquids through wood and the rate 
of flow of water at different pressures was determined by the use of an ap- 



Fki. 1. The Es.sential FB.\TrRES op the Apparatus TJ.sed in Determining 
THE Rate of Flow of LigriDs through Wood 


paratus made of brass. A similar apparatus made from glass was employed 
for the study of the movement of salt solutions. The two sets of appar¬ 
atus were composed of the essential parts shown in figure 1. 

Air pressure was applied to the liquid in the supply tank, A, which forced 
it through the wood section held in place at B (the area of the section ex¬ 
posed to the path of flow of the liquid was 0.35 sq. cm. for the brass ap¬ 
paratus and 1.93 sq, cm. for the glass apparatus), and into the buret, 
C. An air pressure gauge sensitive to 0.05 kg. per square centimeter and 
a mercury manometer were employed for measuring the applied air 
pressure. 

The temperature was not controlled. However, each time a reading 
was taken the room temperature was recorded. These results showed 
that the normal fluctuations in temperature of the room did not appear to 
influence materially the relationships obtained. 
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The viscosity of the kerosene was determined with an Ostwald visco¬ 
meter. The viscosities of the other oi^anic liquids were determined by 
interpolation from values obtained from the International Critical Tables. 

The moisture content given in all cases is expressed in terms of percent¬ 
age of the oven-dry weight, which was determined by drjdng to constant 
weight at 105®C. at atmospheric pressure in an electric oven. 

Mcderials 

Seven kinds of wood were used: namely, balsam {Abies balsamea (Lin- 
neaus) Miller), Norway pine {Firms resinosa Solander), white spruce 
{Picea glauca (Moench) Voss), Northern white cedar {Thuja ocddentalis 
Linnaeus), Western red cedar {Thuja plicata D. Don), and Eastern hem¬ 
lock {Tsuga canadensis (Linnaeus) CarriSre). 

All Norway pine, balsam fir, and white spruce sections were sawed from 
freshly felled logs. The Northern white cedar. Western red cedar, and 
Eastern hemlock sections were sawed from air-dry material, the past his¬ 
tory of which was unknown. In all cases transverse sections more than 
one tracheid length in thickness, sawed from clear pieces of wood cut 
parallel with the grain, were employed. The numbers by which the wood 
sections in each group are designated indicate their relative positions in the 
original piece of wood. 

The following liquids and chemicals were used: water (freshly distilled), 
hexane (Eastman, Practical Grade), nitrobenzene (Eastman, c.p.), bro- 
mobenzene (Eastman, c.p.), kerosene (“composed of predominantly straight 
chain hydrocarbons" furnished by The Atlantic Refining Company), 
benzene (c.p., thiophene-free), and inorganic salts (c.p.). 

THE EXPERIMENTAL FINDINGS 

The influence of moisture content upon the permeability of wood 

In all of Stamm’s work (15), dealing with the determination of the maxi¬ 
mum effective diameters of the pores in the pit membranes of coniferous 
wood, water was the liquid displaced from the pit membrane capillaries. 
The pore sizes consequently were those existing at the fiber-saturation 
point. It seemed of interest therefore to investigate the influence of vary¬ 
ing amounts of water present in the cell wall upon the maximum effective 
diameters of the openings between the cells. This was done by deter¬ 
mining the pressure necessary to overcome the surface tension of benzene 
in sections of balsam fir heartwood (1.40 cm. in thickness) which were at 
different moisture contents. These sections were sawed from a freshly 
felled log and slowly dried to approximately 6 per cent in moisture content. 
They then were transferred to three chambers in which different relative 
humidities were maintained, and were permitted to take up moisture until 
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they had reached approximate equilibrium. Taken from the different 
humidity conditions the sections were immediately submerged in benzene, 
and determinations made of the gas pressure necessary to overcome the 
surface tension of benzene in the maximum effective intercellular openings. 
The values obtained in this manner may be used for comparative purposes 
as being inversely proportional to the maximum effective openings through 
the wood section. The data are shown graphically in figure 2. The re¬ 
sult for each moisture content is an average for five wood sections. 

Another method of ascertaining the influence of moisture content upon 
the effective size of the openings between the cells of wood also was em¬ 
ployed. This consisted of determining the rate of flow of an organic liquid 



Fig. 2. The Effect of Moisture ('ontent upon the Pressure Reouiked 
TO Overcome the Surface Tension of Benzene in the Maximum 
Effecpive Intercellular Openings of Balsam Fir Heartwood 

through wood sections which had been previously brought to equilibrium 
with different relative humidities. This method gives a basis of compari¬ 
son for the change in effectiveness of the average diameters of the openings 
between the cells of wood; the more rapid the rate of flow the greater the 
effectiveness of the average diameters. 

Sections of Norway pine (1.3 cm. in thickness) were sawed from freshly 
felled logs and slowly dried to approximately 6 per cent moisture content. 
After drying the sections were permitted to take up moisture to equilib¬ 
rium with different relative humidities. These sections then were taken 
from the different relative humidities, submerged in the organic liquid, 
and determinations made immediately of the rate of flow of the organic 
liquid through them. The average rate of flow in cubic centimeters per 
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minute for the first 10 cc. forced through the section was taken as the 
measure of permeability. Care, was taken not to allow any appreciable 
exposure of the sections to the air; while the sections were in the apparatus 
they were surrounded by a bath of the organic liquid which prevented any 
appreciable loss of moisture. 

The results obtained for the rate of flow of benzene, a non-polar organic 
liquid, through Norway pine sapwood are shown graphically in figure 3. 
The rate of flow for each moisture content is an average for two wood 
sections. A pressure of 26.0 cm. of mercury was used for all of these 
determinations. 

The data for the rate of flow of nitrobenzene, a polar organic liquid, 
through Norway pine sapwood at different moisture contents are given in 



Fig. 3. Thk Effect of Moisture Content upon the Rate of Flow of 
Benzene through Norway Pine Sapwood 
Pressure, 26.0 cm. of mercury 

table 1. A pressure of 119.8 cm. of mercury was used for all of these 
determinations. 

Assuming that the intercellular openings in wood are through the mem¬ 
branes of the pits, the data in figures 2 and 3 and table 1 show that the 
maximum and average effective diameters of the pores in the pit mem¬ 
branes became smaller with increasing moisture content of the wood below 
the fiber-saturation point. The results do not, however, offer an exact 
measure of the change in effectiveness of these openings with moisture 
content. Factors such as slight changes in moisture content during the 
handling of the sections and the possibility of flow through the resin 
canals of Norway pine would tend to modify the relationship between the 
effective diameters of the openings in the pit membranes and moisture 
content. The results can therefore only be interpreted as illustrating the 
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trend of the influence of the moisture content of wood below the fiber- 
saturation point upon the effective diameters of the openings in the pit 
membranes. 

Influence of pressure upon the rale of flow of water through wood 

Sections of balsam fir (1.10 cm. in thickness), Norway pine sapwood 
(1.24 cm. in thickness), white spruce sapwood (1.33 cm. in thickness). 
Northern white cedar (1.24 cm. in thickness). Western red cedar (1.18 cm. 
in thickness), and Eastern hemlock (1.35 cm. in thickness) were used in 
these experiments. The balsam fir, Norway pine, and white spruce sec¬ 
tions were obtained from freshly felled logs. Paired sections of each of the 
three woods were divided into two groups. Sections of one group were 

TABLE 1 


Effect of moisture content upon the rate of flow of nitrobenzene through Norway 

pine sapwood 

Pressure 119.8 cm. of mercury 


Kl'MBEll OF THE SEf'TION 

MOI8TLRE CONTENT OF THE 
8ECTION* 

HATE OF FLOW 


per cent 

cc. ptr minute 

0 



6 70 

24 


1 Av. « 6 56 

21 05 

34 

J 


10 43 



Av. = 12 73 

2 



2 54 

22 

! 1 
1 

^ Av. = 15 65 

5 31 

33 



4 69 



Av. = 4 18 


• The moisture content given is an average obtained for three sections similarly 
treated. 


given a seasoning treatment, while those of the other group were imme¬ 
diately placed in distilled water. The Norway pine and white spruce 
sections designated as seasoned, were slowly dried to approximately 4 
per cent moisture content. The balsam fir sections designated as seasoned 
were first dried to approximately 4 per cent moisture content and then were 
dried to a constant weight at 105®C. (a 6-hour drying period was used). 
The Northern white cedar. Western red cedar, and Eastern hemlock sec¬ 
tions were obtained from air-dried material which had a moisture content 
of approximately 8 per cent at the time of preparation. These sections, 
together with the seasoned sections of balsam fir, Norway pine and white 
spruce, were placed in distilled water. 

Both the seasoned and unseasoned sections were allowed to soak for at 
least two weeks before testing their permeability. The soaking was car- 
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ried out in a desiccator, and an intermittent vacuum was applied to facili¬ 
tate the complete removal of air from the cells. 

After the soaking period the sections were placed in the apparatus and 
water forced through them until an approximately constant rate of flow 
was obtained. In attaining the constant rate of flow a decreasing rate of 
flow with time from the initial rate was observed in all cases except in 
several runs with white spruce sapwood. In these runs it was observed 
that the decreasing rate of flow was preceded by an increase from the 
initial rate. After a constant rate of flow had been obtained, higher pres¬ 
sures were applied and the new rate of flow determined for each of the pres¬ 
sures. Values for the rate of flow then were obtained by decreasing the 
pressure and observing the rate of flow at lower pressures. The values 
obtained in this manner were in close agreement for the same pressure 
whether the rate of flow was determined by going from a lower to higher 
pressure or vice versa, providing that sufficient time was allowed for the 
sections to return to a constant rate with the lower pressures. In the case 
of white spruce and Norway pine it was observed that the return to the 
constant rate of flow was very rapid. In the case of balsam fir and the 
other woods which gave a pronounced disproportionate rate of flow with 
increased pressures, it was observed that longer periods of time were re¬ 
quired to return to a constant rate of flow with the lower pressures. The. 
results obtained for the rate of flow of water through both seasoned and 
unseasoned woods are given in table 2. The value given in each case is 
an average of the results for three sections of each wood both seasoned 
and unseasoned. 

The data given in table 2 and figure 4 show that the influence of pres¬ 
sure on the rate of flow is characteristic of the kind of wood. Seasoning 
of the wood previous to use did not significantly alter the relationship be¬ 
tween pressure and the rate of flow for white spruce, Norway pine, and 
balsam fir. This is particularly illustrated by the results for balsam fir, 
because the unseasoned sections of this wood were not dried after they were 
sawed from a freshly felled log, while the seasoned sections were oven- 
dried. Table 3 gives the results for both the seasoned and unseasoned 
individual sections of balsam fir heartwood. 

Likewise seasoning did not appear to cause any pronounced permanent 
changes in the permeability of the woods to water. This would seem to 
indicate that when the sections were seasoned in the manner previously 
described, either seasoning did not increase pit aspiration in the manner 
observed by Griffin (5) or more importance has been attributed to this 
condition than it deserves. In fact, in the cases of balsam fir and white 
spruce the rate of flow was more rapid at any pressure for the seasoned 
than for the unseasoned wood. For Norway pine the situation was re¬ 
versed; the unseasoned wood was the more permeable. However, the 
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TABLE 2 


Influence of pressure upon the rate of flow of water through seasoned and unseasoned 

coniferous woods 


KIXfD OF WOOD 

TBBATMBNT 

PBxaeuRB 

BATS OF FLOW 

BATS OF FLOW 



kg, per $q. cm. 

cc. per minute 

per cent 

Balsam fir heartwood 

Seasoned (oven- 

1.8 

0 092 

2.56 


dried) 

3.5 

0 534 

14.85 



5.3 

1.553 

43.19 



7.0 

3.596 

100.00 

Balsam fir heartwood 

Unseasoned 

1.8 

0.062 

2.34 



3.5 

0.429 

16.19 



5.3 

1.186 

44.75 



7.0 

2.650 

100.00 

Norway pine sapwood 

Seasoned 

1.8 

2.35 

16.78 



3.5 

5.83 

41.64 



5.3 

9.66 

69.00 



7 0 

14.00 

100.00 

Norway pine sapwood 

Unseasoned 

1.8 

3.01 

20.62 



3.5 

6.60 

45.21 



5.3 

10.61 

72.67 



7.0 

14.60 

100.00 

White spruce sapwood 

Seasoned 

1 8 

0.171 

25.15 



3.5 

0.345 

50.73 



5 3 

0.507 

74.56 



7.0 

0.680 

100.00 

White spruce sapwood 

Unseasoned 

1.8 

0.141 

2^.59 



3.5 

0 289 

52.45 



5.3 

0 425 

77.13 



7.0 

0.551 

100.00 

Northern white cedar 

Seasoned 

1 8 

0.082 

4.83 

heartwood 


3.5 

0.392 

23.09 



5.3 

0.971 

57.18 



7.0 

1.698 

100.00 

Western red cedar heart- 

Seasoned 

1.8 

0.237 

3 66 

wood 


3.5 

1.580 

24.39 



5.3 

3.722 

57.46 



7.0 

6.477 

100.00 

Eastern hemlock heart- 

Seasoned 

1 8 

0 157 

5.27 

wood 


3.5 

0.725 

24.34 



5.3 

1,657 

55.64 



7.0 

2 978 

100.00 
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Fig. 4. The Effect of Pressube upon the Rate of Flow of Water 
THROUGH Seasoned and Unseasoned Balsam Fib Heart wood, 
Norway Pine Sapwood, and White Spruce Sapwood 


TABLE 3 

Variability of the influence of pressure upon the rate of flow of water through seasoned 
and unseasoned balsam fir heartwood 


TBBATMENT 

PRE8BUBE 

RATB OF FLOW 

Section No 19 

Section No 21 

Section No. 26 

UDseasoned. 

kg . per 
eq . cm 

1.8 

3.5 

5.3 

7 0 

cc. per 
minvie 

0.084 

0,722 

2.009 

4.429 

per cent 

1 90 
16.30 
45 36 
100.00 

cc. per 
minute 

0.058 

0 333 

0 969 
2.220 

percent 

2.61 

15.00 

43.65 

100.00 

cc per 
minute 

0.044 

0 231 
0.580 
1.300 

per cent 

3.26 
17 11 
42.96 
100 00 


Seasoned (oven- 
dried). 

1.8 

3.5 

5.3 

7.0 

Section No. 16 

Section No. 20 

Section No. 22 

cc. per 
minute 

0.132 

0.771 

2.213 

5.232 

percent 

2.52 

14.74 

42.30 

100.00 

cc. per 
minute 

0.081 

0.441 

1.301 

2.901 

per cent 

2.79 

15.20 

44.85 

100.00 

cc. per 
minute 

0.064 

0.391 

1.145 

2.656 

1 
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differences in observed permeability were within the limits of variation of 
individual samples treated in the same manner, and for this reason cau¬ 
tion is necessary in the interpretation of the results. 

The results obtained for the relationship between pressure and the rate 
of flow of water through Norway pine, white spruce, balsam fir, and North¬ 
ern white cedar are in general agreement with those reported by Suther¬ 
land, Johnston, and Maass (17) for heartwood of the same four woods. 
Sutherland, Johnston, and Maass concluded that the different rela¬ 
tionships between pressure and rate of flow obtained for different woods 
perhaps could be explained on the basis of a varying thickness of the effec¬ 
tive pit membranes. They reasoned that pressure would cause a stretch¬ 
ing of the thin pit membranes, resulting in an increase in size of the pit 
membrane pores, and consequently the relative importance of this effect 
of pressure would vary for pit membranes of different thickness. 

It also seems possible that the effect of pressure on the rate of flow of 
liquids through coniferous wood may be modified somewhat by the pres¬ 
ence of structures such as resin canals. Of the six woods used in this study 
Norway pine and white spruce possess resin canals, while the other woods 
do not. If we assume, as has been done in this study, that the flow of 
liquids between tracheids is through the pores in the pit membranes, it 
follows that for woods which do not possess resin canals the flow was en¬ 
tirely of this type. For white spruce and Norway pine the resin cana s 
may have contributed to the flow. If this is the case, then it is certainly 
conceivable that a different relationship between pressure and rate of 
flow exists when a portion of the liquid is moving through a comparatively 
large opening such as a resin canal, than when the movement is confined 
to the small openings in the thin pit membranes. 

The movemml of organic liquids and aqueous salt solutions through wood 

Sections of balsam fir heartwood (1.00 cm. in thickness) and Norway 
pine sapwood (1.33 cm. in thickness) sawed from freshly felled logs were 
used in these determinations. 

The sections used with the organic liquids were gradually dried to equi¬ 
librium under controlled humidity. Moisture determinations made after 
the sections had attained equilibrium showed that two samples of Norway 
pine sapwood had moisture contents of 24.63 per cent and 24.71 per cent, 
and two samples of balsam fir heartwood had moisture contents of 21.08- 
per cent and 21.01 per cent. 

The sections were taken from the humidity chambers and transferred to 
the apparatus in weighing bottles. Thus the sections were not exposed to 
the air for any appreciable length of time. The term “initial rate of flow’ ’ 
is used to designate the rate of flow after 1 cc. of the liquid had been forced 
through the section. 



Rate of flow of several organic liquids and water through balsam fir heartwood 
Pressure 1.8 kg. per square centimeter 
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100.00 

43.25 

26.27 

19,14 

14.83 

11.63 

10.05 

ss 

100 00 

34 64 

22 69 
18.65 
16.17 
11.31 


100.00 

65.66 

56 99 
49.40 

44 96 


100 00 
70.94 
61-59 

56 50 

1-4 

100.00 

73 20 
54.68 

45 59 

& 

100 00 

66 67 

49 50 

36 00 

34 75 


100 CO 

48 12 

29 38 

20 88 

17 75 

15 00 

8 

100 00 
53.34 
34.37 

21.91 

6 

100.00 

93.28 

87,47 

83.97 

8 

100.00 

89 31 
85.44 
83.31 

d 

100.00 

89 64 

83 88 

81.24 


100.00 

88.88 

85.72 

84.20 

d 

8 S S S S S S 

d 

a « 

-J 
« 0 

o o N eo ^ to 

1 8 
!■= 
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The results for the rate of flow through balsam fir heartwood are given 
in table 4. A pressure of 1.8 kg. per square centimeter was used for all of 
these determinations. 

The values given in table 4 for the rate of flow in cubic centimeters per 
minute of nitrobenzene (section No. 10), kerosene (section No. 9), and 



Fig. 5. Rate of Flow of Kerosene, Water, and Nitrobenzene through 
Balsam Fir Heartwood 
Pressure, 1.8 kg. per square centimeter 

water (section No. 7) arc shown graphically in figure 5. The values given 
in table 4 for the rate of flow in percentage of the initial rate for sections 
Nos. 7, 8, 9, 10, 11, and 12 are shown graphically in figure 6. 

Table 5 gives the data for the rate of flow of benzene, kerosene, and 
nitrobenzene through Norway pine sapwood. A pressure of 23.0 cm. of 
mercury was used for all of these determinations. 
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The balsam fir heartwood sections used with the aqueous salt solutions 
were submerged in distilled water immediately after preparation and al¬ 
lowed to soak for at least two weeks under the influence of an intermittent 
vacuiun. The sections then were placed in the apparatus and water 
forced through them, under a pressure of 76.5 cm. of mercury, until an 
equilibrium rate of flow was obtained. The water then was replaced with 
the desired salt solution. The initial rate of flow and the change in rate 
of flow with time were determined for the salt solution. The initial rate 
of flow in this case was the value observed after approximately 0.5 cc. of 



Fig. 6. Changes in the Rate of Flow with Time op Wateb and Several 
Organic Liquids through Balsam Fib Heartwood 
Pressure, 1.8 kg. per square centimeter 


the solution had been forced through the section. The salt solutions used 
were 0.1 normal solutions of zinc chloride, potassium chloride, mercuric 
chloride, and aluminum chloride, and a 0.01 normal solution of thorium 
chloride. The results for the different salt solutions are shown graphically 
in figure 7. The rate of flow is expressed as a percentage of the equilib¬ 
rium rate of flow for water. 

The data given in tables 4 and 5 and figures 5, 6, and 7 show that the 
rate of flow of liquids of widely different properties through wood cannot 
be predicted necessarily from their viscosities. The data in table 4 show 
that kerosene having a viscosity of 1.23 centipoises gave an initial rate of 



FACTORS INFLUENCING MOVEMENT OF LIQUIDS IN WOOD 


117 


flow approximately four times that for nitrobenzene and a rate of flow at 
the end of 3.5 hours about thirteen times that for nitrobenzene. Water 
with a viscosity of 0.89 centipoise, had an initial rate of flow slightly less 
than that for kerosene and a rate of flow at the end of 3.5 hours approxi¬ 
mately one-third the rate for kerosene and four times the rate for nitro¬ 
benzene. From the standpoint of a direct viscosity relationship, the rate 

TABLE 5 

Rale of flow of several organic liquids through Norway pine sapwood 


Pressure 23.0 cm. of mercury 


TIME 

BENZENE 

KEROSENE 

NITROBENZENE 

Section 

No 37 

Section 
No. 40 

Section 
No. 38 

Section 
No. 39 

Section 
No. 28 

Section 
No. 36 



Rate of flow in 

cc. per minute 



hours 

minutes 







0 

00 

7 500 

5 854 

4 000 

2 670 

1 163 

1 463 

0 

30 

8 570 

5 333 

3 200 

2 449 

0 566 

0 895 

1 

30 

8 450 

5 217 

2 105 

1 644 

0 486 

0 674 

2 

20 

7 321 

5 217 

1 644 

1 333 

0 392 

0.529 

3 

30 



1.568 

1 121 

0 344 

0 400 

4 

30 



1 500 


0 314 

0 360 

5 

30 





0 289 

0.322 

6 

30 






0.312 


Rate of flow in percentage of the initial rate 


0 

00 

100 00 

100 00 

100 00 

K)0 00 

100 00 

100.00 

0 

30 

114 57 

91 10 

80 00 

91 72 

48 67 

61.18 

1 

30 

112 67 

89.12 

52 62 

61 57 

41 79 

46.07 

2 

BO 

97 61 

89 12 

41 10 

49 92 

33 71 

36 16 

3 

30 



38 95 

41 98 

29 58 

27 34 

4 

30 



37 50 


27.00 

24 61 

5 

30 





24 85 

22.01 

6 

30 






21.33 

Viscosity at 25.0°C. 
in centipoises 

1 0 60 

1 23 

1 85 


of flow for water should be about twice the rate for nitrobenzene, but the 
value actually obtained was about four times the rate. Also on the basis 
of purely viscosity considerations the rate of flow of benzene should have 
been about three times the rate for nitrobenzene, yet the initial rate for 
benzene was about six times and at the end of 2.5 hours was about twenty- 
seven times the value for nitrobenzene. 

The relationships obtained for Norway pine sapwood, table 5, are in 
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general agreement with those obtained for balsam fir heartwood. How¬ 
ever, the differences in rates of flow of the different liquids were not of the 
same magnitude as those for balsam fir heartwood. 

The data given in figure 7 show that pronounced deviations from purely 
viscosity considerations exist for the flow of different salt solutions through 



Fig. 7. Changes in the Rate of Flow with Time of Several Salt 
Solutions through Balsam Fie Heartwood 
Pressure, 76.5 cm. of mercury 

balsam fir heartwood. The zinc chloride solution flowed through the wood 
sections more than three times as rapidly as water, while the rate of flow 
of the thorium chloride solution was only about one-sixth as rapid as water. 
These differences are more pronounced if the two salt solutions are com¬ 
pared. When considered in this manner, the rate of flow of the zinc 
chloride solution through balsam fir heartwood was approximately eight- 
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een times that of the thorium chloride solution, yet the viscosities of the 
different salt solutions, for the concentrations used, are not greatly different 
from that of water. 

The results obtained for the flow of organic liquids and salt solutions 
through coniferous wood show that factors other than viscosity determine 
in a considerable measure the rates of flow through wood of liquids pos¬ 
sessing widely different properties. Factors such as the influence of the 
liquids upon the effective diameters of intercellular openings must be con¬ 
sidered. Shrinking, swelling, or a solution of materials from these open¬ 
ings would alter the rate of flow of liquids through wood. Bull (4) also 
has pointed out that with small capillaries (0.1 /x) electrical '^back pressure’' 
may play an important role in the flow of organic liquids such as nitro¬ 
benzene. In addition, polar liquids such as nitrobenzene should be ex¬ 
pected to be strongly adsorbed and highly oriented on the surface of the 
pit membrane capillaries. It may well be that these adsorbed oriented 
molecules are an effective agent in reducing the area of the pores in the 
pit membranes; certainly they, as well as the tetravalent thorium ions, 
will materially affect the surface electrical properties of such capillary 
openings. 

A comparison of the results obtained for the flow of organic liquids 
through Norway pine sapwood and balsam fir heartwood indicates that 
the relative importance of factors other than viscosity would vary with 
the kinds of wood. It stH'iiis that different woods may be expected to show 
different beha\ ior. The presence and effectiveness of structures such as 
resin canals, variation in the size of the pores in the pit membranes, and 
the presence of extraneous materials such as resins in the effective openings 
of the pit membrane pores are perhaps only some of the factors which would 
tend to make one wood behave differently from another. 

SUMMARY 

1. A study was made of: (1) the relative effectiveness of the maximum 
and average pore diameters of the openings in the pit membranes for wood 
at different moisture (‘ontents, (2) the influence of pressure upon the rate 
of flow of water through wood, and (3) the movement of organic liquids 
and salt solutions through wood. 

2. The maximum and average effective diameters of the pores in the pit 
membranes were found to vary with the moisture content of the wood: 
below the fiber-saturation point effective pore diameters decreased with 
increasing moisture content. 

3. The influence of pressure upon the rate of flow of water through wood 
is a characteristic of the kind of wood. 

4. The relationship between pressure and the rate of flow of water 
through wood perhaps is influenced by factors such as the thickness of the 
pit membrane and the presence and effectiveness of resin canals. 



120 


S. J. BUCKMAN, H. SCHMITZ AND R. A. GORTNER 


5. The relationship between pressure and the rate of flow of water 
through several woods was not changed significantly by drjdng of the wood 
previous to use. 

6. Drying previous to use did not appear to cause pronounced perma¬ 
nent changes in the permeability of the woods to water. 

7. The rate of flow of organic liquids and aqueous salt solutions could not 
be predicted necessarily from the viscosities of these liquids. The same 
was true for the rate of flow of organic liquids through Norway pine 
sapwood. 

8. Evidence was obtained which indicates that the magnitude of the 
deviations from a viscosity relationship for the flow of organic liquids 
would be different for different kinds of wood. 

9. The decrease in rate of flow with time through balsam fir heartwood 
for benzene, bromobenzene, and nitrobenzene increased with increasing 
polarity of the liquid. 

10. It would seem that the movement of liquids of widely different 
properties in wood cannot be predicted necessarily from the viscosity 
alone. Other factors such as the influence of the liquid upon the effective 
capillary dimensions of the openings in wood and the possible effect of 
electrical ‘'back pressure'^ on the flow of polar organic liquids must be 
considered. The relative importance of factors other than viscosity can 
perhaps be expected to vary with the kinds of wood and the properties of 
the liquids. 
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Althougli the swelling of a number of colloidal materials has been studied 
intensely, little attention has been given the thermodynamic aspects of 
swelling. This lack of attention is perhaps because the major part of 
sorption and swelling data arc not subject to thermodynamic calculations. 
Katz (2) has pointed out that thermodynamics deals only with true 
equilibrium conditions and hence such effects as those of sorption and 
swelling hysteresis and changing surface of sorption during a single cycle 
must be eliminated in order that the results have theoretical significance. 

Katz (2) has compared the differential heats of swelling in water ob¬ 
tained from thermal data with the changes in free energy of swelling calcu¬ 
lated from moisture content-vapor pressure data for cotton, wood, and 
casein, using the equation 


- AF = 


RT 

M 



( 1 ) 


in which —AF is the change in free energy in gram-calories occurring 
when 1 g. of liquid is added to an infinite amount of swelling material at a 

P 

moisture content in equilibrium with the relative vapor pressure R 

being the gas constant, T the absolute temperature, and M the molecular 
weight of the liquid. Since the differences between the differential heats 
of swelling and the changes in free energy of swelling were small, he con¬ 
cluded that they were within the range of experimental error and that con¬ 
sequently the entropy change was negligible. 

Fricke and Liike (1), however, have shown that this is by no means the 
case. They determined both the integral heat of swelling at different mois¬ 
ture content values and the moisture content-relative vapor pressure 
relationship at two different temperatures for agar-agar, casein, and keratin 

> Maintained at Madison, Wisconsin, by the Forest Service of the U. 8. Depart¬ 
ment of Agriculture, in cooperation with the University of Wisconsin. 
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swelling in water. They were thus able to calculate the differential heat 
of swelling, using the integrated form of the Clausius-Clapeyron equation 


AH 


RT^T, , /P, Po,\ 
M{T,-Ty^\P^ PoJ 


( 2 ) 


in which AH is the change in the heat of swelling in gram-calorics occurring 
when 1 g. of the liquid is added to an infinite amount of swelling material 
at a moisture content in equilibrium with the vapor pressure P 2 at the 
temperature T 2 and the vapor pressure Pi at the temperature Ti, Poj 
and Poj being the corresponding saturation vapor pressures and the other 
symbols having the same significance as in equation 1. In these calcula¬ 
tions as well as in those for obtaining ~AF the averages between desorption 
and adsorption moisture contents corresponding to each relative vapor 
pressure were used as an approximate means of eliminating the effects of 
hysteresis. The values for AH calculated in this way agreed very well with 
the values obtained from the thermal measurements, thus substantiating 
the validity of the theoretical equation. Values of —AP calculated from 
the vapor pressure data were in all cases less than the corresponding 
values of AH, showing that a definite entropy change AS accompanies swell¬ 
ing; thus 


A<S = 


AH - (- AF) 
T 


(3) 


Katz (3) has recently admitted the validity of Frickc and Ltike’s findings, 
and suggests that the increase in entropy occurring during swelling is due 
to an orientation or compression of the water molecules, which become 
adsorbed on the surface of the swelling material, or to an association of 
these molecules. 

In connection with a study of the seasoning of wood, the Forest Products 
Laboratory recently had occasion to collect moisture content-relative 
vapor pressure-temperature data on the drying of wood. As these data 
were obtained under conditions which practically eliminate hysteresis 
effects, it seemed worth while to subject them to thermodynamic analysis. 

The equilibrium moisture content determinations were made in four 
specially de.signed drying chambers, each of which had a capacity of about 
16 cu. ft. The chambers were equipped with electrically driven blowers 
which moved the air uniformly through the drying compartments at a 
rate of about 100 ft. per minute. The wet- and dry-bulb temperatures in 
each kiln were under the control of a thermostat of the vapor tension type. 
The drying conditions in the chambers were read frequently through glass 
windows. 
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The dry-bulb temperature oscillated on an average about above 
and below the desired value, while the wet-bulb temperature had a total 
positive and negative amplitude of about The wet- and dry-bulb 
cycles would sometimes be out of phase 180®, with the result that the wet- 
bulb depression was sometimes f®F. greater or less than desired. The 
maximum amplitude of relative vapor pressure oscillations at the higher 
temperatures was from 1.5 to 3.0 per cent for different vapor pressures, and 
at the lower temperatures from 4.0 to 8.0 per cent. 

From twenty-five to forty strips of green flat-sawed Sitka spruce were 
used in determining the equilibrium moisture content for a given tempera¬ 
ture and relative vapor pressure. The strips were cut about 3 mm. thick 
and weighed from 100 to 125 g. each when in an oven-dry condition. The 
specimens were suspended from lead stoppers located in the roof of the 
chambers and were weighed in situ during the drying process to 0.05 g. 

The hysteresis phenomenon encountered in desorption and adsorption 
measurements made on very small specimens under the most carefully 
controlled vapor pressure conditions was largely eliminated in these meas¬ 
urements. The specimens used were sufficiently large to permit the 
setting up of moisture gradients across the sections during the process of 
drying. This combined with the oscillations in vapor pressure permit 
alternate desorption and adsorption to take place, thus tending to estab¬ 
lish an intermediate moisture content equilibrium. The appreciable re¬ 
duction in hysteresis obtained in this way is illustrated in figure 1 by the 
oscillating vapor pressure-desorption curve. The normal desorption and 
the adsorption curves shown in figure 1 were obtained by Seborg and 
Stmnm (5) by using very small cross sections of wood suspended from 
quartz helical balances in thermostatically controlled (25® db0.02®C.) tubes 
through which air humidified over saturated salt solutions was passed. 
These carefully controlled conditions tend to promote the maximum hys¬ 
teresis effect. All the available drying data obtained under industrial 
control conditions on other softwood species also gave curves which fell 
within this hysteresis loop. The oscillating vapor pressure-desorption 
curve approaches more nearly the normal desorption curve at high rela¬ 
tive vapor pressures and the adsorption curve at low relative vapor pres¬ 
sures. This would be expected on the basis of Urquhart and Williams' 
(8) explanation of the hysteresis loop. In the initial desorption the maxi- > 
mum number of the hydroxyl groups of the amylene oxide chains of cellu¬ 
lose are satisfied by water. When the material approaches the dry state 
these hydroxyl groups are drawn closer and closer together as a result of 
shrinkage, and they finally mutually satisfy each other. On adsorption 
part of these hydroxyl groups are not freed for water adsorption, thus 
accounting for the decreased moisture equilibrium values. Oscillating 
vapor pressure conditions at high relative vapor pressures hence have only a 
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slight tendency to cause the hydroxyl groups of the cellulose mutually to 
satisfy each other, whereas this tendency becomes appreciable at low rela¬ 
tive vapor pressures. 

The dotted line in figure 1 connecting the origin with the saturation 
point represents the sorption conditions that would be attained if Henry's 
law were followed. This line is tangent at the origin to the curve for 
hysteresis-free sorption, showing that Henry’s law is obeyed at infinitesi¬ 
mal concentrations. 



Fig. 1. Moistdbb Content-Relative Vapor Pbesbcre Relationship for Sitka 
Spruce under Normal Desorption and Adsorption Conditions and under 
Oscillating Vapor Pressure Desorption Conditions at 26°C. 


In figure 2 the moisture content-relative vapor pressure isotherms for 
Sitka spruce are plotted for 10®F. temperature intervals from room tem¬ 
perature to the boiling point of water. The changes in the fiber-saturation 
points (saturation moisture content) with temperature are given in figure 
8. The fiber-saturation points change linearly with the temperature, in¬ 
creasing approximately 0.1 per cent for a decrease in temperature of 1*’C. 

In figure 4 are plotted the differential heats of swelling calculated with 
the aid of equation 2 from the data of figure 2 together with differential 
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heat of swelling obtained from the integral heat of swelling data of Vol- 
behr (9). The 87.8“C. curve was calculated from the 200* and 180*F. 
isotherms, the 71.1®C. curve from the 200® and 120°F. isotherms, and the 
54.4®C. curve from the 140® and 120®F. isotherms. The 0®C. curve is the 
experimental curve of Volbehr. Below 6 per cent moisture content the 
curves are all identical within experimental error. Above this moisture 
content the values of A/f increase with a decrease in temperature. Vol- 



Fig. 3. Change in Fibbr-satubation Point with Tempbrature fob 

Sitka Spruce 

behr’s experimental values for pine are in complete accord with the calcu¬ 
lated values given for Sitka spruce. The agreement between species is 
not surprising, as practically all softwoods have almost identical fiber- 
saturation points (7) and would be expected to have similar adsorptive 
powers. 

In figure 5 are plotted the isosteres, logarithm of vapor pressure against 
the reciprocal of the absolute temperature, for a munber of different mois¬ 
ture content values from the data of figure 2. The linear isosteres at the 




4. Differential Heat of Swelling and Free Energy Change with 
Moisture (Content for Sitka Spruce 

• Experimental curve of Volbehr at 0®C. 

C) C'alculated curve of authors at 54.4®C. 

O Calculated curve of authors at 71.1®C. 

3 (’alrulated curve of authors at 87 8®C. 



Fig. 5. Logarithm of Vapor Pressure-Reciprocal op the Absolute 
Temperature Isosteres for Sitka Spruce at the Indicated 
Moisture-content Values 
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lower moisture content values indicate that the temperature coefficient 
of the heats of swelling is zero. The slight convex curvature of the iso- 
steres at higlier moisture contents indicates that the AH values increase 
slightly with a decrease in temperature. This agrees with AH curves in 
figure 4. The heat of swelling can also be calculated from these isosteres 
by taking the difference between the slope of any isostere and the satura¬ 
tion isostere thus: 



The isosteres for the lowest moisture content values approach parallelism. 
This would be strictly true only if Henry’s law were obeyed. 

The changes in the free energy of swelling calculated with the aid of 
equation 1 are plotted in figure 4 together with the heat of swelling curves. 
These were calculated from the 190°, 160°, and 130°F. isotherms, re¬ 
spectively. The —AF values increase very slightly with a decrease in 
temperature. 

In figure 6 are plotted the entropy change cur\’es calculated with the aid 
of equation 3. They show that a definite entropy change accompanies 
swelling up to the fiber-saturation point. The entropy changes for the 
moisture content values below 6 per cent are unaffected by the tempera¬ 
ture. At higher moisture content values there is a definite increase in 
the entropy change with a decrease in the temperature. 

The AH, —AF, and AS curves are all smooth curves which show no 
sign of a sharp transition between the bound or surface adsorbed water 
and the capillary condensed water or water held by van der Waals forces, 
although the AS curves show a slight inflection at low moisture content 
values. This is in keeping with the moisture content-relative vapor 
pressure curves which also lack a sharp discontinuity. The points of ad¬ 
sorption must thus vary in activity as in the case of a metal catalyst. 
The attractive force at the weakest of these adsorption points must be of 
the same order of magnitude as the van der Waab force exerted by the 
most active adsorption point at a dbtance of at least one molecular di¬ 
ameter from the surface. Such a gradual transition, with perhaps a 
slight overlapping, from surface-bound water to water held by the van der 
Waals forces has been recently illustrated in a diagrammatic manner by 
Sheppard and Newsome (6). It b also very similar to the two-phase ad¬ 
sorption theory of Pierce (4) who, however, believes that a dsmamic 
equilibrium b set up over the whole sorption range between the surface- 
bound water and water held by van der Waals forces such that the frac¬ 
tion of the total water taken up that goes into the bound phase b propor¬ 
tional to the ratio of unoccupied true adsorption positions to the total 
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number of adsorption positions. According to these conceptions the in¬ 
flection point in the moisture content-relative vapor pressure curves corre¬ 
sponds approximately to the transition point between the surface-bound 
water and the water held by van der Waals forces. It is interesting to note 
from figure 2 that this inflection point occurs at a relative vapor pressure 
of about 0.30 for all of the temperatures. This relative vapor pressure 



Fig. 6. Changes in Entropy with Changes in Moisture 
Content op Sitka Spruce 

€ 54.4°C. O 71.rC. 3 87.8°C. 

further gives a capillary radius when applying Kelvin’s equation for the 
relationship between meniscus curvature and vapor pressure that is only 
2.3 times the molecular diameter. This is very near the limiting distance 
expected for primary molecular attraction, and should represent the limit¬ 
ing size of capillary in which capillary condensation can take place. 

In figure 7 are plotted the —AF, and AS versus moisture content 

curves for soda-boiled cotton calculated from the adsorption data of Ur- 


AND WOO 



MOtSTURB CONTENT {PERCENT OP DRY WEIGHT) 


Fig. 7. Differential Heat of Swelling and Free Energy and Entropy 
Changes with Moisture Content at 50®C. for Soda-boiled C/Otton 
Calculated from the Data of Urquhart and Williams 



GUAUa HgO PER GRAM 


Fig. 8. Heat of Solution and Free Energy and Entropy Changes for 
Sulfuric Acid-Water Mixtures at 50®C., Calculated from Data 
Taken from the International Critical Tables 
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quhart and Williams (8). The AH values were calculated from the 60“ 
and 40“C. moisture content-relative vapor pressure isotherms and the 
—AF values from the 50“C. isotherm. It was not possible to correct for 
the effect of hysteresis; hence the values should be considered only approxi¬ 
mations. All three curves are very similar, however, to those for wood. 
Urquhart and Williams (8) also give isosteres similar to those of figure 5. 
All of them, however, show a very slight convex upward curvature. 

In figure 8 are plotted the AH, — AF, and AS versus moisture content 
curves for sulfuric acid-water mixtures calculated from data obtained 
from the International Critical Tables. As Katz (2) has pointed out, 

TABLE 1 


Thermodynamic conelants for the swelling and solvtion of various materials in water 
expressed in gram-calories per gram of water added to an infinite amount of the 
material at the moisture content irtdicated in the subscripts 


MATERIAL 

SOURCE or DATA 






Wood: 







Sitka spruce. 

Stamm and Lough- 

270 

0 34 

150 

46 

0.30 


borough 






Pine. 

Volbehr (9) 

260 


150 



Cotton. 

U. and W. (8) 1 

280 

0 26 

95 

33 

0.19* 

Cotton. 

Katz (2) 

390 





Starch. 

Katz (2) 

320 





Nuclein (from yeast).... 

Katz (2) 

200 





Casein. 

F. and L. (1) 



166 

70 

0 35 

Casein. 

Katz (2) 

200 





Agar>afcar. 

F. and L. (1) 



222 

125 

0.35 

Keratin. 

F. and L. (1) 


1 

' 150 

90 

0.22 

Sulfuric acid. 

International Crit¬ 



440 

365 

0 23 


ical Tables 






Sulfuric acid. 

Katz (2) 

550 






* No correction made for hysteresis effect. 


there is a close analogy between solution and swelling. Unfortunately, 
the data do not extend to moisture content values sufficiently low to de¬ 
termine if the AS curve has an inflection point. 

Table 1 gives the initial heat of swelling or solution, the initial entropy 
change, and also the differential heat of swelling and free energy and en¬ 
tropy changes at 4 per cent moisture of a number of materials in water. 
Although the variation in AH and —AF values among the different mate¬ 
rials is as great as five to ten times, the variation in AS values is less than 
twofold, showing that the non-reversible work of sorption is fairly con¬ 
stant for a wide variation of materials. 
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SUMMARY 

1. Relative vapor pressure-moisture content desorption isotherms from 
room temperature to the boiling point of water have been determined for 
the system wood-water under conditions which minimize the hysteresis 
effect. 

2. The fiber-saturation points decrease with an increase in temperature 
in a linear manner, the fiber-^saturation point being reduced 0.1 per cent 
for each rise in temperature of 1®C. 

3. Differential heats of swelling and free energy and entropy changes 
were calculated over the entire sorption range. All give smooth curves 
with zero values at the fiber-saturation point. 

4. The nature of the curves with respect to the mechanism of sorption 
is discussed. 

5. Comparisons are made between heats of swelling and free energy 
and entropy changes for the swelling and solution of various materials in 
water. 
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INTRODUCTION 

The apparent density of an adsorbent material with a large extent of 
internal surface varies with the nature of the displaced medium used for 
making the measurements. Harkins and Ewing (9) attributed the phe¬ 
nomenon in the case of charcoal to varying degrees of adsorption com¬ 
pression of the displaced liquid in the capillary structure. They obtained 
the greatest densities in the most compressible liquids. The size of the 
molecules of the displaced liquid and the ratio of their surface tensions 
to viscosities showed no correlation with the densities. They concluded 
that the differences in the density values could not be due to differences 
in penetration. Lamb and Coolidge (13) calculated compressive force 
values as high as 37,000 atmospheres from their heats of adsorption meas¬ 
urements on charcoal, by assuming that all of the heat evolved is due to 
compression of the liquid. Cude and Hulett (5) made measurements of 
the density of charcoal in various liquids which they injected into the 
charcoal under pressure to facilitate penetration, and Howard and Hulett 
(10) made measurements in helium gas which they showed to be nonad- 
sorbed on the charcoal. The helium gas gave quite similar values to those 
obtained in the various liquids, thus indicating that any adsorption com¬ 
pression taking place in the liquids would have to be much less than the 
values predicted by Lamb and Coolidge. 

Davidson (6) determined the specific volume of cotton in helium gas, 
water, and several organic liquids. Non-polar organic liquids gave the 
highest values, the helium gas values were but slightly less, and the water 
values were still smaller. He concluded that the helium gas gives the 
true values and that the slightly higher values in the non-polar organic 
liquids are due to incomplete penetration, while the low values in water 
are due to adsorption compression. He calculated values for the average 
compression of the sorbed water of approximately 2000 atmospheres on 

‘ Maintained at Madison, Wisconsin, by the Forest Service of the U. 8. Depart¬ 
ment of Agriculture, in codperation with the University of Wisconsin. 
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the basis of the compression taking place entirely in the water. This 
assumption seems justified, especially in the case of cellulose, because of the 
fact that x-ray measurements show no change in the x-ray diagrams on 
swelling of the cellulose in water (11,12). 

Similar measurements on wood have been made at the Forest Products 
Laboratory (16). Helium gas gave intermediate density values between 
those obtained in water and in non-polar organic liquids as in the case of 
Davidson’s measur^ents, but the helium gas values were nearer to the 
water values than to the non-polar liquid values. In the light of more 
recent findings these helium gas values appear high. Measurements in 
this medium are now being repeated. A series of organic liquids gave the 
greatest density values in the most polar liquids which cause swelling and 
the lowest density values in the non-polar liquids which do not cause swell¬ 
ing. No relationship between the density values and the compressibili¬ 
ties of the liquids was obtained. Water, a slightly compressible liquid, 
gave the greatest density. These results for hydrophilic cellulose may 
appear to be in conflict with those of Harkins and Ewing (9) for hydropho¬ 
bic carbon, but this is by no means the case. The internal surface of con¬ 
tact for non-swelling carbon is constant except for possible slight varia¬ 
tions in penetration, while in the case of cellulose and wood, which are 
subject to swelling, it may vary from several hundredfold to a thousand¬ 
fold. For example, the estimated internal swollen surface of cellulose and 
wood varies from 3 X 10* to 10^ square centimeters per gram (14), while 
the coarse capillary surface of unswollen wood (total lumen area) varies 
from 1 to 5 X 10* square centimeter per gram. The extent of the surface 
on which compression can take place, rather than the magnitude of the 
compression per unit of surface, thus appears to be the prime factor in 
causing the variation in the density values of swelling solids obtained in 
different liquids. 

Filby and Maass (7) have made measurements in helium gas of the den¬ 
sity of cellulose with various amounts of adsorbed water present by an 
ingenious combined gas expansion and moisture sorption method. From 
the few measurements which they reported they drew several very far- 
reaching conclusions: First, that the compression takes place only within 
the first 8 to 10 per cent of moisture adsorbed; second, that a constant 
maximum compression is reached at moisture content values below about 
4 per cent; and third, that the initial compression amounts to 0.6 cc. per 
gram of water adsorbed. An externally applied compressive force of 
about 100,000 atmospheres would be required to give this compression. 
The first two conclusions are not in harmony with moisture content- 
relative vapor pressure data or heats of swelling data (17). Vapor pres¬ 
sure depressions and differential heats of swelling are obtained at all 
moisture content values up to the fiber-saturation point, which varies from 
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15 to 35 per cent for the different fibrous materials. It thus seems un¬ 
reasonable that the compression, which is a related property, should not be 
effective up to these higher moisture content values. Further, the mois¬ 
ture content-vapor pressure and the moisture content-entropy change 
data show inflection points at presumably the transition point between the 
bound and capillary held water, but they do not indicate a constancy of 
attractive force of all of the sorption points (17) as in the case of the data of 
Illby and Maass. The extremely high compression obtained by these 
investigators would require that the work of adhesion of cellulose and water 
be seven to eight times the work of cohesion of water. This, too, is at 
variance with other data. Bartell and Osterhof (2) and Bartell and Jen¬ 
nings (1) have shown from adhesion tension measurements that the work of 
adhesion for a solid wetted by water is but 1.00 to 1.05 times the work of 
cohesion of watiir. The work of adhesion of mercury and water according 
to Harkins (8) is only 1.25 times the work of cohesion of water. 

Because of these irreconcilable results of Filby and Maass and the gen¬ 
eral unsettled opinions as to the magnitude of adsorption compression, the 
Forest Products Laboratory undertook this research with the hope of 
settling tliis point, which has considerable bearing on the general problem 
of sorption. 


EXPERIMENTAL 

The measurements of Davidson (6) show that the specific volume of 
cellulose determint'd in toluene is only a little over 1 per cent greater than 
in helium gas. The difference must be due entirely to incomplete pene¬ 
tration by the toluene, as toluene is practically a non-swelling liquid in 
which the compression can be only 0.01 to 0.001 of that in a swelling liquid. 
Such a small compression would be outside the range of experimental 
measurement. It further seemed reasonable to assume that the small 
amount of void structure of cellulose or wood inaccessible to benzene or 
toluene would be filled by the first few per cent of water added, so that 
density measurements in these liquids of cellulose or wood containing 
appreciable amounts of sorbed water should give results free from the error 
introduced by incomplete penetration. Only in the case of dry or rela¬ 
tively dry cellulose or wood should an error be introduced by making 
density measurements in a non-swelling liquid. 

For these reasons the density measurements of cellulose and wood con¬ 
taining sorbed water were made in benzene, thus greatly simplifying the 
measurements and increasing their accuracy. 

Benzene was chosen in preference to toluene for the measurements be¬ 
cause it caused no measurable swelling of wood, whereas toluene caused a 
very slight swelling. Although water is very slightly soluble in benzene, 
only in the case where the moisture present exceeds the fiber-saturation 
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point of cellulose or wood could the benzene become saturated because of 
the vapor pressure depression caused by the cellulose or wood. The error 
caused by using dry benzene for the measurements should hence be small 
and will be shown later to be entirely negligible. The benzene used was a 
chemically pure benzene, thoroughly dried over phosphorus pentoxide, 
and then distilled. 

The adsorbent materials used were Sitka spruce and white spruce heart- 
wood sawdust of 40 to 60 mesh, from which the extractives had been re¬ 
moved by extraction with a mixture of benzene and alcohol, cotton linters 
alpha-cellulose, a normal spruce sulfite pulp, and the same pulp beaten for 
20 hours to a “highly hydrated” condition. Beaten pulp when dried by 
ordinary methods becomes hard and horny. The water was hence re¬ 
placed by alcohol and the alcohol, in turn, replaced by ether and then the 
pulp dried from this latter solvent. By dr3dng in this way practically 
normal porous texture is obtained, and the sealing up of voids is prevented. 

The measurements were made in 50-cc. and 100-cc. pycnometer fiasks 
brought to thermal equilibrium in a thermostatic water bath held at SO^C. 
±0.02®C. The volume of the pycnometers was obtained from their weight 
filled with water, and the density of the benzene was determined. The 
pycnometers were then half filled with cellulose or wood (3 to 10 g.) that 
had been brought to moisture equilibrium in rooms controlled at 97, 90, 
75, 65, and 30 per cent relative humidity and 80®F., or partially dried over 
calcium chloride, weighed, and covered with anhydrous benzene. The 
air was removed from the submerged fibrous materials by carefully apply¬ 
ing a vacuum and releasing until no sign of air bubbles was obtained up to 
a vacuum which caused boiling of the cold benzene. Experience showed 
that the cellulose and the wood could be completely freed from air after 
a few hours treatment. After bringing the pycnometers containing the 
adsorbent, water and benzene to thermal equilibrium and volume in the 
thermostatic bath, they were rapidly weighed. The weights in general 
could be checked to 0.5 mg. The excess of benzene was then decanted off, 
and the materials dried at 105°C. to constant weight. 

The compression of the water was calculated with the aid of the follow¬ 
ing equation: 

Wt — (W — CTi) ^ 

^ ^ (L ~ _^^ 

mo 

in which C is the decrease in volume due to compression in cubic centime¬ 
ters per gram of dry adsorbent material, d„ the normal density of the water, 
dt the density of the benzene, and D the true density of the adsorbent ma¬ 
terial, tPw the weight of sorbed water, mo the weight of the dry adsorbent 
material and m the weight of the wet adsorbent material, Wt the weight 
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of the pycnometer filled with benzene alone, and W the weight of the 
pycnometer filled with wet adsorbent material and benzene. 

In figure 1 are plotted the apparent adsorption compressions for several 
cellulosic materials calculated on the basis of the density of the dry ma¬ 
terial as determined in benzene being the true density. The average densi¬ 
ties of each of the materials determined in benzene are Sitka spruce 1.449, 
white spruce 1.459, sulfite pulp 1.529, beaten sulfite pulp 1.543, and cotton 
1.549. The integral curves give the relationship between the total com¬ 
pression occurring in the water adsorbed on a gram of cellulosic material 
and the moisture content. The differential curves obtained by graphically 
determining the slope of the integral curves give the compression per gram of 



Fio. 1. Apparent Adsorption Compressions of Water on Various 
Cellui/OSIc Materials as Determined in Benzene 


water adsorbed on an infinite amount of cellulosic material containing differ¬ 
ent amounts of water. The initial compressions, the compressions occurring 
when 1 g. of water is added to an infinite amount of dry material, are identi¬ 
cal for all the cellulosic materials tested. The integral compressions in¬ 
crease up to maximum values which correspond to the maximum compres¬ 
sions calculated from the difference in the specific volume of the cellulosic 
material determined in water alone and in benzene. For example, the 
apparent specific volume of the normal sulfite pulp in water is 0.632 cc. 
and in benzene 0.653 cc. The difference, 0.021 cc., represents the de¬ 
crease in volume due to compression of water. As an excess of water is 
present in these measurements, it is impossible to tell from them alone 
within what moisture content the compression takes place. The fact that 
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the line representing this compression (dotted line in figure 1) becomes 
tangent to the integral compression curve at 27 per cent moisture content, 
which is the fiber-saturation point for this particular pulp, indicates that 
compression takes place up to the fiber-saturation point. It also indicates 
that the error introduced by neglecting the solubility of water in benzene 
in the compression measurements is negligible and that penetration is 
complete in the cellulosic material-water-benzene systems at high mois¬ 
ture contents. 

It is of interest that not only the two similar species of wood give identi¬ 
cal compression curves but that highly beaten and unbeaten pulp also give 
identical curves. This offers further proof of the fact that beating a pulp 
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Fig. 2. Effect op Changes in the Value of the Absolute Density of 
Sulfite Pulp upon the Calculated Adsorption Compression 


does not increase the surface available for the adsorption of water (4, 
14,15). 

As was pointed out earlier, these compression values are liable to be too 
high because of incomplete penetration of the cellulosic materials by the 
benzene at low moisture content values. If, for example, the true density 
of the sulfite pulp were higher than the value determined in benzene, the 
compression would be appreciably decreased, as is shown in figure 2. The 
upper integral compression curve is the same curve as that plotted in 
figure 1, using 1.529 for the density, while the lower curve was obtained 
on the basis of the true density being 1.4 per cent higher, which is higher 
by practically the same amount that Davidson’s values (6) determined in 
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helium gas are higher than his values determined in toluene. These two 
curves are identical except for an additive shift of the ordinates. The 
lower curve does not pass through the origin, indicating in this case that 
no compression could take place below a moisture content of 2 per cent 
and that it would then suddenly become appreciable. Such a condition 
is ridiculous. The curve must pass through the origin without exhibiting 
an inflection point to avoid such a condition of reversal in compression. 
The dotted curve through the origin and tangent to the compression curve 
would avoid this difficulty. Assuming that the dotted curve repre¬ 
sents the tnie conditions at low moisture content values, then the upper 
curve must be in error below 6 per cent moisture content, presumably be¬ 
cause of incomplete penetration which would cause a reduced apparent 
compression. 

The differential curves were obtained from both the upper curve and the 
lower curve with the dotted extension to the origin. They are identical 
down to a moisture content of 6 per cent, but deviate greatly below this 
point. The initial compression from the upper curve is 0.48 cc. per gram 
of water adsorbed on an infinite amount of dry pulp which corresponds, 
according to the extrapolation of the compression data of Bridgman (3), 
to an externally applied compressive force of over 100,000 atmospheres, 
while the lower curve gives an initial compression of only 0.105 cc., which 
corresponds to an externally applied compressive force of 3440 atmos¬ 
pheres. As this tremendous difference in the calculated compressive force 
results from a change of the value taken for the absolute density of the 
pulp substance of only 1.4 per cent, it is obvious that accurate values for 
this density must be known before even api)roximate values for the initial 
force of compression can be obtained. 

The following analogy as well as other previously mentioned considera¬ 
tions, however, indicates that the latter value is perhaps a better estimate 
of this force than the former. 

Katz (11) has pointed out the similarity between the sorption of water 
vapor by a solid and the mixing of sulfuric acid and water. In this latter 
case the difficulty of distinguishing whether changes in the specific volume 
of the system are due to differences in penetration or differences in com¬ 
pression become meaningless. The system sulfuric acid-water is hence 
an ideal one to examine from the standpoint of the compression phenome¬ 
non. In figure 3 the compression values for the system sulfuric acid- 
water are plotted on three different bases. The integral compression and 
molal compression curves were plotted from data for the density of various 
concentrations of sulfuric acid taken from the International Critical 
Tables. The differential curve was obtained by determining graphically 
the slope of the integral curve as before. 

The compression occurring in this system is not entirely due to the 
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compression of water, as in the case of adsorption by cellulose and wood, 
for part of the compression takes place in the sulfyric acid. This is demon¬ 
strated by the molal compression curve in which the compressions per 
unit volume of solution are plotted against the mole fraction. The com¬ 
pression increases practically linearly with an increase in the moisture con¬ 
tent up to proportions slightly in excess of 1 mole of water to 1 mole of 
sulfuric acid. Compression presumably takes place in these proportions. 
When equal molal proportions of sulfuric acid and water are mixed the 
compression takes place in all of the solution. In any other proportions 
either part of the acid or part of the water is in excess and is not compressed. 
Concentrated sulfuric acid is only 0.73 as compressible as water per unit of 
volume at 166 kg. per cubic centimeter (International Critical Tables). 



mil FRACTION 

Fig. 3. Compression Taking Place on Solution or Water in 
Sulfuric Acid 

If this ratio remains constant at all pressures, then the compression oc¬ 
curring in equal molal proportions per unit of pressure will be 3.21 times 
that in the contained amount of water alone. Thus the compression 
values given in the differential curve should be divided by 3.21 to obtain 
the compression that occurs in the water alone. The initial compression 
value would hence be 0.169 cc., rather than 0.51 cc. for the water. This 
compression, according to the data of Bridgman, would result from a 
compressive force of 6760 atmospheres. The differential compression of 
the water at equal molal proportions is 0.053 cc., which, in turn, would be 
obtained under a compressive force of 1460 atmospheres. These com¬ 
pressive forces are of the same order of magnitude as those obtained for 
the pulp by assuming that the true density of pulp is 1.4 per cent greater 
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than the value detemined in benzene. It thus seems probable that the 
densities of dry cellulosic materials as determined in benzene are slightly 
lower than the true densities, as was found by Davidson (6), and that 
Filby and Maass’ compression values are too high. Measurements are 
now being made of the density of dry cellulosic materials in helium gas to 
confirm this point. These measurements together with thermodynamic 
considerations of compression will be given in a subsequent publication. 

Although the data presented in this publication are insufficient to de¬ 
termine the magnitude of the adsorption compression of water on cellulo¬ 
sic materials at low moisture content values, they do give the true values 
at moisture contents above which penetration is complete and show quite 
definitely that compression continues to the fiber-saturation point. This 
is not in agreement with Filby and Maass’ (7) contention that compres¬ 
sion extends only to a moisture content of 8 to 10 per cent. Filby and 
Maass’ own data, however, tend to disprove their contention, as the maxi¬ 
mum compression calculated from their specific volumes in water and in 
helium gas alone correspond to the compn'ssion value of their extrapolated 
compression-moisture content curve at 22 per cent moisture content, 
which should be approximately equal to the fiber-saturation point of 
their cotton. 


SUMMARY 

1. The apparent adsorption compres.sion of water on cellulosic materials 
has been determined in benzene. 

2. The effect of small variations in the value used for the true density 
of the cellulosic material on the resulting compression is illustrated. 
Evidence indicating that the compressive force is of the order of a few 
thousand atmospheres rather than 100,000 atmospheres, is given. 

3. It is demonstrated that actual adsorption compression values can be 
obtained by this method at higher moisture content values, and that ad¬ 
sorption compression extends to the fiber-saturation point. 
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In a prf‘vioiiR papor (7) attention was drawn to the utility of working 
with homologous s(‘ri(‘S of compounds in the effort to obtain quantitative 
characteristics of the solubilities of certain cellulose esters. In this paper 
the procedure is reversed, in so far that it is the cellulose esters themselves 
which here form the homologous series. The data recorded here for the 
most part apply to the triest(*rs of cellulose. They are only strictly com¬ 
parable on the assumption that the degr(‘e of polymerization of the cellu¬ 
lose remained the same through any given series, or, in other words, that 
the average molecular wedght of the cellulose^ portion remained the same. 
In the series of compounds prepared in our own laboratories, where the 
same original cellulose* material was used, we* have reason to regard this 
as substantially the* case, and the same may be regarded as equally 
probable for the mate‘ri!d of other inve*stigators cite*d. But while the com¬ 
parisons in a series may be regarded as justified, it is not permissible to 
consider any given triester of in\'estigator A as necessarily the same as that 
of investigator B, Identical in composition, they might differ considerably 
in av(*rage molecular weight. 

With this reservation made, we can proceed to collate the data showing 
the progressive changes produced in cellulose esters as the molecular weight 
of the fatty acid is increased. 

MEASUREMENTS OF PHYSICAL PROPERTIES 

The melting points were d(*termined by heating the sample in a glass 
capillary tube placed in a copper block. 

The densities wen* determined by using methyl alcohol as the displace¬ 
ment liquid. Methyl alcohol wets the esters, e8ix*cially the higher ones, 
much better than water and gives a higher density value than water. The 
esters were dried by evacuation at room temperature. 

The data are shown in table 1 and figures 1 to 4. 

The densities of the esters decrease regularly with increase in number of 
carbon atoms, corresponding to the behavior of the free acids (see table 2). 

The melting points of the ct'llulose esters pass through a minimum at 
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cellulose caprate, whereas the melting points of the normal fatty acids 
pass through a minimum at valeric acid, thus showing the influence of the 
cellulose residue. 

There is no definite evidence of an alternation in the melting points of 
the esters with odd and even numbers of carbon atoms as is the case with 
the free acids. This effect, which is more pronotmeed for the lower acids, 
is apparently minimized by the presence of the cellulose residue—large in 
comparison to three hydrogen atoms. Since the alternating effect is at¬ 
tributed to differences in crystal structure (2), the presence of the cellulose 
residue should lower the degree of orientation and therefore reduce the 
magnitude of the alternation. 


TABLE 1 


Properties of cellulose triesters at £6^C. 


K8TER 

NO. or 

DENSITY 

MBLTINO POINT 

PER CENT MOIS* 
TUBE RBOAIN 

CONTACT 

ANGLE 

WORK OP 
ADSB- 

CARBON 

ATOMS 

60 per 
cent 
R.H. 

100 per 
cent 
RH. 

VS. 

WATER 

SION VS. 
WATER 

(Cellulose). 

0 

1.618 

degret* (\ 

5.6 

18 8 

degrfe$ 

trgt 

Acetate. 

2 

1 377 

Decomposes 
at 245 

2 3 

10 0 

50 

117 

Propionate. 

3 

1 268 

239 

1 3 

4 4 

78 

87 

Butyrate. 

4 

1 178 

183 

0 7 

3 5 

84 

79 

Valerate. 

5 

1 178 

160 

0 5 

1 7 

90 

72 

Caproate. 

6 

1 110 

87 

0 3 

0 9 

93 

68 

Heptoate. . 

7 

1 081 

97 

0 2 

0 8 

100 

59 

Caprylate. 

8 

1 1.058 

! 85 

0.1 

0 9 

99 

61 

Pelargonate. 

I 9 

1.032 

66 

0.1 

1 0 

KM) 

59 

Caprate. 

1 10 

1 026 

64 

0.3 

1.5 

100 

59 

Laurate. 

1 12 

1.004 

80 

0 3 

1 4 

101 

58 

Myristate. 

14 

0 991 

87 


1 5 

104 

55 


The moisture regain apparently passes through a minimum near cellu¬ 
lose heptoate. The reason for this is not known. It appears that the 
moisture regain should continue to decrease with increase in number 
of carbon atoms in the side chains. 

The contact angle against water steadily increases with increase in 
length of the hydrocarbon chain and approaches that of a long chain hy¬ 
drocarbon—pine paraflb) having an angle of 108° and work of adhesion of 
50 ergs. 

The method used for the determination of the contact angle, and there¬ 
fore of adhesion tension or work of adhesion, was by measurement of the 
height of a drop of water placed on a horizontal surface of the solid (5). 
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The contact angle is given by the equation 


where c 



h = a\/2 sin 6/2 

h = height of drop in cm., T — surface tension of liquid, 


g = gravity, and p = density of liquid. The drop should be at least 1.5 
cm. in diameter. Glass plates were coated uniformly with the various 
esters, from solutions of these in chloroform. The height of the drop was 
determined with a spherometer. 



Fi(i. 1. Dii.N.«iTr OF Cellulose Tribstebs at 25°C. 

The work of adhesion is obtained from the contact angle 6 by the formula 
W = - cos 6) 

where is the surface tension, liquid to air. 

It will be noticed that the values of the work of adhesion of water for 
the fatty acid esters of cellulose appear to fall steadily, finally approaching 
that of paraffin. On the other hand, A. H. Nietz (6) found for the fatty 
adds themselves a minimum value, in the neighborhood of twelve carbon 
atoms. Nietz discusses various molecular and thermodynamic explana- 
tions for this minimum, which are, however, unnecessary. The actual 
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reason is the fact that the lower fatty acids (up to pentadecylic) have 
appreciable solubility in water, and therefore appreciable lowering of the 
surface tension Consequently, while the contact angle B rises more 
or less steadily (there is an alternating effect not found with the cellulose 
esters), the surface tension is at first nearly constant at a lowered value, 
then rises suddenly to be nearly equal to that of pure water above pen¬ 
tadecylic acid. Hence the minimum for the expression 

TF = Tla (1 - cos B) 



Fig. 2. Melting Point op Cellulose Tribstebs 


SOLIDIFICATION AND MOLECULAB ORIENTATION 

If the surface layers of molecules of these substances were completely 
oriented, as in a monomolecular film (4), then in accordance with Lang¬ 
muir’s theory of surface structure, we should expect to find either very 
high wetting (for the cellulose esters) or a very low (paraffin) value. The 
progression of values from high to low wettability indicates a—probably 
kinetic—effect of the chain length (in the case of the cellulose esters, side 
chain length) on the surface orientation on solidification. 



CELLULOSE ESTERS OF HOMOLOGOUS FATTY ACIDS 


147 


In the case of the fatty acids themselves, Nietz found, using stearic acid, 
that the surface orientation on solidif 3 nng the melt depended decisively 
upon the medium in contact, i.e., the contiguous liquid or gas phase. 
High humidity or liquid water produced a surface of much higher adhesion 
tension, showing orientation of the polar groups to the water. 

The increasing domination of the properties of the cellulose ester aggre¬ 
gate by the aliphatic side chains is well brought out in the studies of 
N. K. Adam (1) on the spreading of films of these substances on water, 



0 2 4 e e 10 12 14 

NUMBER or CARBON ATOMft 

Fig. 3. Moisture Regain of Cellulose Triesters at 25°C. 

and in those of J. J. Trillat (9) on their x-ray spectroscopy. In figure 5 
is reproduced Adam’s data for the spreading of a number of fatty acid 
esters of cellulose. 

There is observable an increased “molecular” area covered as the length 
of the fatty acid chain increases (48 sq. A.U. for triacetate, ca. 78 sq. A.U. 
for tristearate). Adam concludes that “the hexose ring, lying fiat on the 
surface of the water, occupies an area greater than that of the three eight¬ 
een carbon chains [also presumed to be flat on the water?]; and that lateral 
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compression of the film allows some rearrangement of the hexose rings 
next the water, which form the base (d the film, the superstructure <d 
which no doubt consists of the long chains arranged at a fairly deep angle to 



Fig. 4. Work of Adhesion of Cblldlosk Triestebs against Water 

TABLE 2 


Densities and melting points of normal fatty acids 


ACID 

DENSITY AT iO*C. 

MEI^TINQ POINT 

Formic. 

1.220 

degreea C. 

8.4 

Acetic. 

Propionic. 

1 049 

0 992 

16 6 
-22.0 

Butyric. 

0.959 

-7 9 

Valeric... 

0.942 

-34.5 

Caproic. 

0.929 

-9.5 

Heptylic. 

0.922 

-10.0 

Caprylic.i 

0.910 i 

16.0 

Pelargonic. 

0.907 

12.0 

Capric. 

0.895 

31 0 

Laurie. 

0 883 

48.0 

Myristic... 

0.858 

58.0 

Stearic. 

0.847 

69 3 



the surface} The lateral adhesion between the long 18-carbon chains is not 
sufficient to counteract the tendency of the hexose rings to lie fiat.” 

> Our italics. 
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These conclusions do not seem to us to be entirely tenable in the light 
either of general x-ray evidence on the structure of the cellulose macro¬ 
molecule, or more specifically of Trillat’s (9) results with the same series 
of fatty acid esters of cellulose whose properties were described here. This 



Fig. 5. Fatty Acid Ksters of Cellulose not Fully Spread on Water 


1. Tristearate 

2. Tripropionate on sodium hydroxide 

3. Dilaurate 

4. 2i Butyrate on sodium hydroxide 

5. Triacetate on sodium hydroxide 

N. K. Adam 


6. 2i Butyrate 

7. Distearate 

8. Tripropionate 

9. Triacetate 


TABLE 3 


Tensile strength and total elongation of cellulose ester sheets 


CBLLrLOHE ESTER 

TENSILE STRENGTH 

TOTAL BLONQA- 
TION IN PER CENT 

Acetate . 

kg per mm * 

9-12 

15-25 

Propionate. 

(^7 

10-15 

Butyrate. . 

5-e 

8-10(?) 

Valerate. 

4-5 

18-25 

Caproate. 

2 5 

60 

Pelargonate. 

3 5-4 0 

20-30 

Laurate. 

0 8-10 

100-130 

Stearate. 

0 5 

140 

Naphthenate. 

0 3 

110 


investigator found that the Debye-Scherrer transmission diagrams showed 
a structure greatly modified by the fixation of the long aliphatic chains. 
In brief, there were reproduced the diagrams of the fatty acids, or their 
metal salts, superposed on a (fading) cellulosic pattern. While the lower 
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members (triacetate, tripropionate, tributyrate) have a definitely crystal¬ 
line structure, the higher members show structure more and more meso¬ 
morphic. 



Fig, 6. Tensile Strength or Cellulose Ester Sheets 
H agedorn and Moeller 



Fig. 7. Tensile Strength and Elongation of Different Cellulose 

Ester Sheets 

Hagedorn and Moeller 

Using the rotating crystal method for thin films of the esters compressed 
on glass sheets, it was found that in the degree that the side chain length 
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increased, there appear reflexions of planes separated by intervals varying 
with the number of carbon atoms, planes parallel to the surface of the glass. 
“This indicates that the aliphatic chains, when their length is sufiicient, 
orient themselves parallel to the direction of pressure, perpendicular to 
the plane of the support.” 

The aliphatic chains are placed perpendicularly, or nearly so, to the di¬ 
rection of the cellulose chain, that is, to the plane of the glucosan (or p 3 Ta- 
nose) ring. Further, there will be an alternation of direction of the two 
secondary substituents and the one primary. 

In this way it is easy to see the mutual orientations as attractions of the 
cellulosic chains submerged and lost as the aliphatic chains increase in 
length. But also, this structure is difficultly compatible with that of 
Adam for the spreading on water. For the psrranose rings to lie flat on 
the water, there would have to be, not only a superstructure of hydrocar¬ 
bon chains, but also an identical substructure extending down into tlie 
water. That does not seem very probable. Moreover, if this took place, 
the area in compression should remain sul)stantially the same, independent 
of the length of the side chains. 

For thesf' reasons it seems more probable that the main valence chain 
must lie either edgewise or very much tilted on the water surface. 

This progressive submergence of the cellulose skeleton by an adipose 
carcass is again brought out in the figures for elasticity and mechanical 
strength. 

The tensile strength and total elongation at the breaking point of cellu¬ 
lose triesters are shown in table 3, and figures 6 and 7 as determined by 
Hagedorn and Moeller (3). The tensile strength decreases with increase 
hi the number of carbon atoms in the side chain and the total elongation 
increases. 


SOLUBILITY 

The solubility of the higher fatty acid esters of cellulose has been dis¬ 
cussed already by G. S. Whitby (10) at a previous symposium. He con¬ 
cluded that they were less polar than cellulose acetate, because of the 
longer hydrocarbon residues. But this does not seem a necessary conclu¬ 
sion, since according to Smyth (8) the polar moment need not change with 
length of chain. We do not propose to discuss this subject further here, 
beyond sayhig that the solubilities of the series of homologous triesters of 
cellulose do not support a theory of solubility based solely, or even mainly, 
on polarity and polar moment. 

SUMMARY 

A study has been made of the physical properties of a series of triesters 
of homologous fatty acids, from the acetate to the stearate. It shows the 
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^'cellulose'' character being t)rogressively submerged as the length of the 
side chain is increased. The structure of the solids is interpreted from x- 
ray data and from spreading and wetting experiments. 
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INTRODUCTION 

The nature of the solutions of the lyophilic colloids has long been a favor- 
^ it© subject for investigation by colloid chemists. Evidence has gradually 
accumulat(‘d from many sources to show that the well-known typical lyo¬ 
philic colloids such as the proteins, rubber, gutta percha, starch, cellulose, 
and other i)<)lysaccharides and their derivatives, are polymeric materials 
of high molecular weight (45). In recent years a large number of synthetic 
high polyirua’s possessing also the properties of lyophilic colloids have been 
jireparcd and carefully studied, particularly in the laboratories of Staud- 
inger (55) and of Carothers (9). Many of the high polymers, both syn¬ 
thetic and natural, are now recognized to be ‘‘linear polymers;'^ i.e., the 
molecule is a single chain of recurring structural units bound together by 
primary valences. When, as is soiiK^times the case, the number of recur¬ 
ring groups in a molecule attains the magnitude of hundreds, it is indeed 
a giant or “macro^^ molecule. In many cases there is good reason to be¬ 
lieve that these macromolecular substances are dispersed in solution to 
the individual molecule, and to a considerable degree the physical and col¬ 
loidal properties of the solutions appear to be determined by the size and 
shape of the molecule. A substantial part of our understanding of the 
l^'ophilic colloids has come out of the study of the synthetic high polymers, 
which constitute excellent models for their better-known, naturally oc¬ 
curring prototypes. 

A problem of fundamental importance in the interpretation of the be¬ 
havior of macromolecular materials is the determination of their molecular 
weights. Numerous efforts have been made to employ the various colliga- 
tive properties of solutions in accordance with classical methods for de- 

* Presented before the Eleventh Colloid Symposium, held at Madison, Wisconsin, 
June 14-16, 1934. 

Communication No. 144 from the Experimental Station. Second paper in the 
series on The Molecular Weight of Linear Macromolecules by Ultracentrifugal 
Analysis. The first paper appeared in J. Am. Chem. Soc. 55, 4319 (1933). 
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termining molecular weights, but the results have frequently been uncer¬ 
tain or inconclusive. Whenever the molecular weight exceeds a few 
thousand, the change in freezing point, boiling point, or vapor pressure is 
too small to be measurable with sufficient precision at the low concentra¬ 
tions necessary for satisfactory molecular weight determinations. Many 
of the values in the literature obtained by these methods for the naturally 
occurring high polymers and their derivatives are undoubtedly erroneous 
for one reason or another. A number of investigators have made limited 
use of osmotic pressure measurements, but the most comprehensive and 
conclusive work hitherto carried out on the problem is without question 
that of Svedberg and his associates for the proteins, using the Svedberg 
ultracentrifuge (58). Although these investigations have demonstrated 
the superiority of the ultracentrifuge over other methods, relatively little 
application of the method has yet been made to high pol 3 Tner 8 other than 
the proteins, partly because there are only two laboratories possessing the 
necessary equipment. The sum total of data obtained by other methods 
for proteins as well as other macromolecular substances is relatively meager, 
and the individual items are difficult to assess. In spite of this fact, it has 
become clear that protein solutions, at least for the cases that have been 
carefully studied, differ from most other macromolecular solutions in that 
the dissolved protein molecule is approximately spherical in form, whereas 
for other high polymers the solute unit is highly elongated. The differ¬ 
ence is particularly strikingly manifested by the marked difference in 
viscosity characteristics, dilute protein solutions commonly having viscosi¬ 
ties relatively independent of the molecular weight and in approximate 
agreement with Einstein’s equation for spherical particles. On the other 
hand, the viscosities of most other macromolecular materials are very 
sensitive to molecular weight differences and are much greater than would 
be the case for spherical molecules (33). 

The theory for the influence of highly elongated, perhaps flexible, mole¬ 
cules upon the free energy of a solvent has not yet been worked out, and it 
is therefore not known how far conventional methods for estimating molec¬ 
ular weights are applicable to poljnners of the high-viscosity type. Hav¬ 
ing recently shown, however, that for one such case the molecular weight 
can be correctly determined with the ultracentrifuge (34), and taking into 
account the experimental efficacy of the instrument, we believe that it 
provides the most reliable and most effective method now known for esti¬ 
mating the molecular weights, in solution, of linear macromolecules of all 
kinds. We have accordingly selected this method of study for what we 
hope will eventually be a comprehensive investigation of cellulose and its 
derivatives. 

Cellulose and its derivatives represent, next to the proteins, the most 
thoroughly studied class of high polymers and typify the high-viscosity 
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group. For theoretical investigations concerning the nature of lyophilic 
colloids and their solutions, cellulose and its derivatives are particularly 
valuable. As will be seen, in certain cases they permit chemical conver¬ 
sions with little if any change in the length of the molecule. They offer 
several chemically related series of derivatives of considerable chemical 
stability for comparative studies. Many of them arc soluble in a wide 
variety of solvents and permit avoidance of the ionic complications so 
characteristic of protein solutions. The molecular weight may be varied 
at will over very wide limits without a detectable change in chemical com¬ 
position. Finally, x-ray crystal analysis has provided an unusual amount 
of valuable correlative information concerning the solid forms of cellulose 
and its derivatives. 

It is now very generally agreed that the cellulose molecule is a long 
chain of anhydroglucose residues linked together by 1,4 glucosidic oxygen 
(reference 45, p. 91), in accordance with the following scheme: 



C»^OH H OH CH^H H OH 


On each glucose residue in the chain there are three hydroxyl groups which 
react with suitable reagents to give the various cellulose derivati\^es. Pre¬ 
sumably, on one end of the chain the terminal glucose residue possesses 
four alcoholic hydroxyl groups, and at the opposite end there is a hemi- 
acetal group. The length of the chain may vary within wide limits, 
probably being very long in native cellulose and passing through all inter¬ 
mediate lengths, as depolymerization occurs by breaking the oxygen links, 
until the final product is glucose. Whether the chains of nath’e cellulose 
are uniform in length is not known, but in all probability, the length (or 
molecular weight) of degraded celluloses and derivati\Ts is never uniform. 
This is a general characteristic of high polymers. Usually, therefore, when 
reference is made to chain length or molecular weight, an average value is 
meant. When comparing various celluloses and derivatives with respect 
to their molecular lengths, it is useful to specify the ‘^degree of polymeriza¬ 
tion^' (I).P‘)» by which is meant the number of glucose residues per mole¬ 
cule. For many years, industrial chemists interested in products manu¬ 
factured from cellulose have assumed in a rather vague way that molecular 
^^degradation" (without specification as to its chemical nature) of cellu¬ 
lose and its derivatives leads to reduction of the relative viscosity of their 
solutions (4, 48). As will be discussed in more detail below, it now appears 
that the viscosity characteristics of dilute solutions in good solvents are 
primarily determined by the degree of polymerization. 
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PREVIOUS INVJBSTIGATION8 OP THE MOLECULAR WEIGHT OP CELLULOSE AND 
CELLULOSE DERIVATIVES 

Every method for the estimation of the molecular weight of macromole¬ 
cules that we are aware of has been applied to cellulose and its derivatives. 
In a number of investigations, particularly the earlier ones in which freezing 
point or boiling point methods were usually used, values were obtained 
ranging from a few hundred to a few thousand (3, 5, 8, 29, 32, 46). In 
many cases later work failed to confirm these results, and in the light of 
present knowledge, it may be assumed either that the experimental technic 
was faulty (2, 17, 22, 44; 55, p. 453), or that the cellulosic materials were 
far more degraded than was suspected. Calculations of molecular weights 
by means of Einstein's equation for the diffusion coefficient of spherical 
molecules (24, 61) are now realized to be invalid, because the diffusion of 
cellulose and cellulose derivatives does not obey Pick’s law and the solute 
particles are non-spherical (27, 38). On the basis of the breadth of the 
lines in the x-ray diffraction pattern, Mark (reference 42, pp. 163,197) has 
inferred that the length of the crystallite in native ramie cellulose is 
about 600 A.U. Assuming that the length of the cellulose molecule is not 
longer than the length of the crystallite, and taking into account data from 
other sources, he has concluded that the molecule probably contains one 
hundred and fifty to two hundred glucose residues. Although this is an 
interesting speculation, it is admittedly not the only possible interpreta¬ 
tion of the x-ray observations. 

The most significant results hitherto made public have been obtained by 
means of osmotic pressure measurements, ultracentrifugal analysis, end- 
group determinations, and viscosity measurements. Even with these 
methods, there are gross discrepancies in the results, and there is not, as 
yet, general agreement as to which results arc correct. The principal 
data are summarized in tables 1, 2, and 3. 

In addition to molecular weiglits, the tables summarize the available 
data concerning the viscosity characteristics, in order to reveal to what 
extent a quantitative relationship exists between molecular weight and 
viscosity. Since the viscosity characteristics were not expnissed by the 
various investigators in a uniform manner, the data were reduced to a 
common basis for comparative purposes by calculating [ij] defined by the 
expression* 

, , lim. 

j 


2 For more detailed discussion of the advantages of comparing viscosities in 
infinitely dilute solutions, see references 36, 45 (p. 175), and 55 (p, 56). 
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where r}r is the viscosity of the solution relative to that of the solvent, and c 
is the concentration in grams per 100 cc. of solution. Extrapolation to 
zero concentration was made by means of Fikentscher^s equation (14, 37). 
As Staudinger has shown, [i?] is directly proportional to the molecular 
weight for linear molecules of considerable length.® 

Osmotic pressure results 

Examination of table 1 shows that with a single exception the molec¬ 
ular weights of the cellulose ethers and esters as determined by the osmotic 
pressure method fall in the range 15,000 to 204,000, with most of the values 
falling between 25,000 and 100,000. In most cases the materials were 
commercial products or fractions thereof. The outstanding discrepancy 
is provided by the results of Hess and Ulmann (31) for Hess's crystalline 
cellulose triacetate II (“biosan acetate”) by a modification of the method of 
Frazer and Patrick (15), in which the vapor phase serves as membrane. 
Inasmuch, however, as the authors report several quite unusual effects, 
such as a greater va})or pressure for a solution than for the solvent (60) 
and a remarkable reversible depolymerization of the triacetate, for which 
there are at present no generally accepted interpretations, the results 
cannot for the time being be considered as conclusive. In addition, Hess's 
crystalline triacetate does not display the properties characteristic of high 
polymcTs (e.g,, large value of [rj], swelling behavior, and film-forming capac¬ 
ity) and is undoubtedly a relatively low molecular weight degradation 
product corresponding to a cellodextrin acetate (2, 16, 17, 19, 23, 44; 
55, p. 460). 

An important fact brought out by the osmotic pressure investigations is 
the non-uniformity of the cellulo.se derivatives with respect to molecular 
weight. The fractionation studies of Duclaux and Wollman (13) and of 
Medvedev (43) for cellulose nitrate, of Herzog and Deripasko (25) and of 

® In view of the increasing recognition of the value of characterizing the viscosity 
of solutions of macroniolccular materials by the quantity [??], there would he con¬ 
siderable advantage if investigators in this field could agree upon a suitable name 
for the quantity. In analogy to specific conductivity, specific volume, specific 
refraction, sjiecific rotation, and the like, ^^specific viscosity’’ would serve very well. 
Unfortunately, the expression is already in use with two different meanings. It 
has long been used by Duclaux ( 10 , 12) in referring to the constant k in Arrhenius’s 
logarithmic equation (log r}r « kc). Berl (4) refers to k as the ‘^specific viscosity 
constant.” If natural logarithms are used, k = [77] for infinitely dilute solutions. 
Staudinger later adopted the term, ”si)ecific viscosity,” for the quantity ijr — 1, 
but proposed no name for the more useful quantity, M. In passing, it may be 
pointed out that Staudinger's expression i}tp/c is equal to our quantity [ 77 ] multi¬ 
plied by one-tenth the weight of the structural unit of the particular linear polymer 
to which it refers, e.g., ri,p/c « 162[7jI/ 10 for cellulose, the difference being due to 
the fact that Staudinger’s concentrations are expressed in molarity with respect 
to the structural unit. 
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Herzog and Herz (26) for cellulose acetate, and of Okamura (47) for ethyl- 
cellulose (see table 1) all agree in showing that the original materials con¬ 
tained a mixture of molecules of different weight. Numerous investiga¬ 
tors have in other ways also demonstrated the heterogeneity of cellulosic 
products (39, 40, 49, 50). 

The accuracy of the results, so far as revealed by internal evidence, varies 
somewhat for the different investigations. In most cases the ratio of pres¬ 
sure to concentration increases with concentration, i.e., the molecular 
weight apparently decreases with increasing concentration, and there is 
some question concerning the correctness of the extrapolation to zero con¬ 
centration, particularly when the concentrations used were 1 per cent or 
more (6, 7, 20, 21). In other cases, where an effort was made to use low 
concentrations (25, 26), there was considerable irregularity in the resulting 
molecular weights. Notwithstanding, the values obtained are perhaps of 
the right order of magnitude. 

UUracentrifugal analysis 

The data obtained from osmotic pressure measurements all refer to cellu¬ 
lose derivatives and leave the question of the molecular weight of cellulose 
itself entirely open. The only effective solvent for cellulose with a limited 
degrading action is Schweitzer’s reagent, commonly referred to as cupram- 
monium solvent, but its complexity precludes its usefulness for osmotic 
pressure mc'asuremcnts. The molecular weight of cellulose dissolved in 
cuprammonium solvent has however been investigated by means of the 
ultracentrifuge by Stamm (54) and by ourselves (35). With respect to 
sedimentation equilibrium, the ultracentrifuge method is in basic theory 
similar to the osmotic pressure method as mentioned above. An impor¬ 
tant advantage, however, of the ultracentrifugal method is the fact that it 
yields information concerning the homogeneity of the sample being studied. 

By the sedimentation equilibrium method, as recorded in table 2, 
Stamm found the molecular weight of the cellulose-copper complex formed 
in cuprammonium solvent,^ and calculated cellulose molecular weights 
therefrom, on the assumption of one atom of copper per glucose residue. 
For a cotton-linters alpha-cellulose he obtained an average value of 56,000 
for the copper complex or 40,000 on a copper-free basis, with no evidence 
for appreciable non-uniformity. Approximately the same value was ob¬ 
tained by the sedimentation velocity method. Wood celluloses of various 
sources were, on the other hand, found to be non-uniform, containing more 
or less relatively low molecular weight material in addition to various 

* Strictly speaking, Stamm’s method of calculating his results does not yield an 
exact value of the molecular weight of the cellulose-copper complex because of the 
difference between the specific volumes of the cellulose-copper complex and of 
cellulose. 
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amounts of the constituent characteristic of cotton cellulose and a second 
constituent with a molecular weight of about 20,000 on a copper-free basis. 

As reported last year (35), we were unable to confirm Stamm's results 
and obtained a much larger value for the same cotton cellulose: 300,000 
for the cellulose-copper complex or about 220,000 on a copper-free basis, 
as calculated by Stamm's method. Even degraded and regenerated cellu¬ 
loses gave values of 100,000 and greater. Although it is not certain, we 
believe that degradation inadvertently occurred during Stamm's measure¬ 
ments and, perhaps, that sedimentation equilibrium was not attained. On 
the basis of our investigation of a synthetic high polymer of known molec¬ 
ular weight, the results obtained by the sedimentation velocity method 
are of doubtful reliability as absolute values (34). 

End-^roup determinations 

Molecular weights by osmotic pressure and ultracentrifuge methods de¬ 
pend upon the state of dispersion of the solute in a solvent and are affected 
by association and solvation, with the consequence that the values so 
obtained may not correspond to the true molecular weight in the ordinary 
sense of the term. In contrast, the end-group method is independent of 
the laws of solutions, but depends upon knowledge concerning the chemical 
structure of the substance being studied. In principle, it is simply neces¬ 
sary to determine by suitable analytical means the proportion of glucose 
residues showing some chemical property characteristic of a terminal 
residue, from which the average number of glucose residues per molecule 
may be estimated. Two types of end-group determination may be used 
for cellulose or derivatives: one depending upon the terminal hemiacetal 
group, the other depending upon the terminal tetrahydroxyglucose residue. 

The so-called copper number measures the reducing power of cellulose 
and presumably is due, at least in part, to the hemiacetal groups. The de¬ 
termination, unfortunately, is very sensitive to the conditions of experi¬ 
mentation, and the calculated molecular weights can scarcely be considered 
reliable (42, p. 192; 56, p. 491). 

Bergmann and Machemer (2) developed an iodometric method for de¬ 
termining the hemiacetal content of cellodextrin acetates and used it in 
estimating molecular weights (see data of table 3). Unfortunately, the 
authors give no viscosity or other independent data indicative of the state 
of degradation of the products. In the discussion at the symposium 
of the Faraday Society, Machemer (41) reported that the iodometric 
method and the Haworth and Machemer method, involving the non- 
reducing end group, gave concordant results for cellodextrins with molec¬ 
ular weights in the range of 3000, but admitted that end-group deter¬ 
minations are not satisfactory for high-viscosity cellulosic products. 
Staudinger (reference 55, pp. 463, 491) was not able to obtain consistent 
results with this method for celluloses in any case, and only for highly 
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degraded triacetates with molecular weights not exceeding about 10,000 
were the results apparently satisfactory. Hess also has found this method 
to give erratic results (30). On the basis of considerable experience with 
the method, Mark considers his results, given in table 3, to be of question¬ 
able reliability as absolute values (reference 42, p. 196). 

Haworth and Machemer (23) have employed the terminal tetrahydroxy- 
glucose residue for molecular weight determinations. Cellulose acetate 
was converted to a completely methylated cellulose which was then com¬ 
pletely hydrolyzed and the yield of tetramethylglucose determined. From 
this value the molecular weight of the methylcellulose may be calculated 
to be about 35,000. Unfortunately, the method does not appear to be 
applicable to cellulose acetates in general, or to other derivatives. 

Although, strictly speaking, an end-group determination in the above 
sense is apparently not involved, Schmidt and coworkers (51) have applied 
analogous principles to the calculation of molecular weight from their de¬ 
terminations of the acidity (i.e., free carboxyl groups) of various celluloses. 
Schwarzkopf and Weiss (52), however, deny the suitability of the analytical 
method, which involved conductometric titration of a heterogeneous sys¬ 
tem. Regardless of the accuracy of the acidity determination, it is liighly 
improbable that the molecular weights of the different types of celluloses 
studied by Schmidt et al are really equal, as they infer. 

Considering all the end-group determinations, it must be admitted that 
the results so far obtained are rather meager. The reactions involved are 
complicated and of limited applicability and the accuracy in the best of 
cases is not sufficient for the high molecular weights possessed by the 
technically important materials. 


Viscosity method of Staudifiger 

Although, as pointed out above, it had been generally believed for a 
good many years that the viscosity of solutions of cellulose derivatives 
depends upon the molecular weight, no general quantitative relations were 
formulated until Staudingcr discovered that [t;] for linear polymers of low 
molecular weight (i.e., having molecular weights within the range of freez¬ 
ing or boiling point methods) is to the first approximation directly propor¬ 
tional to the molecular length and for many cases is relatively independent 
of the chemical composition. Thus, Staudinger found that [^7] for solu¬ 
tions of cellodextrin triacetates in m-cresol was related to the degree of 
polymerization, as calculated from molecular weights by the freezing 
point and Bergmann-Machemer end-group methods, in accordance with 
the equation® 


* This is equivalent, within the limits of experimental error, to Staudinger’s 
equation (reference 55, p. 466) 

nr “ 1 


Mol. Wt. 


CKn. 


where Km X 10^* and C is expressed as molarity of glucose residues. 
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D.P. = 90 h] 

The same acetates were carefully saponified with alcoholic potassium hy¬ 
droxide and the viscosities of the resulting regenerated cellodextrins in 
cuprammonium were determined. Upon the assumption that no scission 
of the cellulose chain occurred during regeneration, i.e., that the degree of 
polymerization of each triacetate and the corresponding cellodextrin was 
the same, it was found that 


D.P. = 100 M 

The regenerated cellodextrins were also nitrated and the viscosities in 
butyl acetate measured, and again upon the assumption that no degrada¬ 
tion occurred, it followed that 


D.P. = 77 b] 

The methylated derivatives, prepared by the method of Haworth and 
Machemer, gave somewhat discordant results in that the constant of pro¬ 
portionality varied from 50 to 75, depending on the solvent used (57). 
Although no actual molecular weight determinations by freezing point 
or other direct methods were reported for the cellodextrins, nitrates, or 
methyl derivatives, the approximate constancy of the factor of proportion¬ 
ality (the experimental error being probably =tl0 per cent) is in agreement 
with Staudinger^s viscosity laws and thus confirms the assumption that 
the chemical conversions did not affect the molecular lengths. 

The same close relationship was found between the viscosities of cellulose 
acetates having [?;] up to 4 and of the regenerated celluloses and nitrates 
made therefrom (reference 55, p. 506). Since molecular weights by the 
Bergmann-Machemer method (over the range where it appeared satis¬ 
factory) and the osmotic pressure results of Herzog and Deripasko and of 
Buchner and Samwel (56) indicated that the direct proportionality be¬ 
tween D.P. and [??] extended for cellulose acetates to [??] = ca. 2.8, Staud- 
inger concluded that the linear relationship extends to the highest values of 
[?;] and is applicable to all cellulose derivatives. On this basis, he has esti¬ 
mated the degree of polymerization or molecular weight of many cellulosic 
materials from viscosity measurements. Thus, he has deduced the degree 
of polymerization of native cellulose carefully purified in absence of oxygen 
to be 750 (molecular weight of 120,000), of rayons to be 100 to 200, of so- 
called high-viscosity nitrocelluloses to be 500 to 2600. 

At the present time, it is impossible to predict on theoretical grounds 
whether there should be a direct proportionality between degree of poly¬ 
merization and [tf] of cellulose derivatives or not. The justification for the 
calculation of molecular weights from viscosity data must rest entirely 
upon an experimental correlation of viscosity characteristics and molecular 
weights determined by absolute methods. In so far as cellulose and its 
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derivatives are concerned, the results on this point are promising but not 
entirely concordant. Although the osmotic pressure results of Herzog 
and Deripasko and of Buchner and Samwel appear to confirm Staudinger’s 
conclusions, other apparently equally reliable data, summarized in tables 
1 to 3, fail to agree. Even in the cases cited, the confirmation may be 
apparent rather than real, for the measurements of Buchner and Samwel 
were all made at concentrations too high to give accurate results, and, ac¬ 
cording to Ubbelohde (59), the viscosity measurements of Herzog and 
Deripasko are vitiated by a kinetic energy error. A definite parallelism 
between [i;] and degree of pol}Tnerization is nevertheless evident, and in 
view of the recognized difficulties in accurately determining high molecu¬ 
lar weights, there is reason to suspect that the inconstancy in the values 
for the viscosity coefficient (D.P./(jj]) obtained by various workers is due 
to experimental errors. 

ULTRACENTBIFUGAL ANALYSIS OF CELLULOSE DERIVATIVES 

In order to establish the relationship between viscosity and molecular 
weight more definitely, we have extended our ultracentrifugal investiga¬ 
tions of cellulose to a group of technical cellulose acetates and nitrates. 
The acetates were acetone-soluble “secondary” acetates having values of 
[>;], in acetone solution, ranging from 0.80 to 2.32. Several members of 
the acetate series were fractionated samples prepared and used by Herzog 
and Herz (26) in their osmotic pressure investigations.* Tlie nitrates 
contained 12.0 per cent nitrogen and had values of [ij] ranging from 1.41 
to 2.20, corresponding to viscosities of 5 to 71 seconds in 12.2 per cent con¬ 
centration by the A.S.T.M. standard method (1). P’or both acetates and 
nitrates, ultracentrifugal determinations and viscosity measurements were 
made at 25.0“C. on acetone solutions about 0.1 g. per 100 cc. in concentra¬ 
tion. In all cases, the molecular weights found were converted to degrees 
of polymerization and values of [ij] were calculated. 

Both acetates and nitrates, including the fractionated products, were 
found to be distinctly non-uniform with respect to molecular weight. The 
average values, obtained by an approximate method, nevertheless showed 
a proportional relation to [ij] corresponding within experimental errors 
(about ±10 per cent) to the expressions D.P. = 230 h] for the acetates 
and D.P. = 270 [ij] for the nitrates. As shown in table 3, our results on 
celluloses in cuprammonium solvent are given by the expression D.P. 
= 260 [ij]. Thus the degrees of polymerization found by means of the 
ultracentrifuge are from 2J to 3J times as great as predicted byStaudinger, 
his factors of proportionality being respectively 90, 77, and 100. 

In interpreting the differences between our results and those of other 

' We are much indebted to Frofesaor Herzog for furnishing us with these samples 
so that their molecular weights might be determined by two independent methods. 
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investigators, it is necessary to consider the effects of non-uniformity, 
f'or heterogeneous materials, different methods for determining molecular 
weights give different “average^' values. Thus, it may be shown that 
freezing point, osmotic pressure, and end-group methods, when applied 
properly to an ideal mixture, result in an average value defined by the 
expression 

where ft is the fractional weight of the constituent of molecular weight 
ikf* in the mixture, and the summation is to be applied to all constituents 
present. This average may be designated as a ‘‘number-average molecular 
weight.’’ On the other hand, the viscosity method, according to Staud- 
inger’s theory, should give an average value defined by the expression 

M„ = 

which corresponds to a “weight-average molecular weight.” The ultra¬ 
centrifugal method gives a weight-average value. As a consequence, the 
osmotic pressure method should give a lower apparent molecular weight 
for a mixture than the viscosity method or the ultracentrifuge method. 
If the non-uniformity is marked, the difference in the two average values is 
surprisingly large. In order that the viscosity method for estimating de¬ 
gree of polymerization may give useful results for practical cases where non- 
uniform products are inevitably involved, it is essential that “weight- 
average” molecular weights be used in determining the proportionality 
factor. Staudinger’s factom were determined with molecular-weight 
methods giving “number-averages,” and are therefore too small. The 
improved consistency between viscosity and molecular weight by the freez¬ 
ing point method after fractionation of his samples was taken by Staud- 
inger to mean that the fractionated products were substantially uniform. 
However, they were probably still distinctly non-uniform (53), and the 
greater consistency of results really was due to a more nearly constant 
ratio between the number-a^Trage and the weight-average molecular 
weights following fractionation. Without quantitative information con¬ 
cerning the distribution of molecular weights for a given specimen, it is 
not possible to convert number-average to weight-average or vice versa, 
so the magnitude of the error in Staudinger’s values due to this factor alone 
cannot be definitely estimated. 

Solvation is another factor affecting molecular weight determinations in 

various ways. In the case of osmotic pressure measurements in dilute 

solutions, solvation to the extent of 100 per cent or so has a negligible 

effect on the calculated molecular weight. The same is true for ultracen- 
# 
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trifuge determinations unless the partial specific volumes of the solvated 
and unsolvated molecules differ, whereupon there is a corresponding error 
in the calculated molecular weight. For ceUulose esters and ethers in 
organic solvents, the effect is probably not marked. W, on the other hand, 
is decidedly sensitive to solvation, but the moderate variation in [•?] with 
different solvents (10) and the approximate equality of the viscosity coeflS- 
cients indicate that the solvation of cellulose acetates and nitrates is not 
large nor greatly different. In fact, if {ij] is reduced to a volume basis 
by divMra by the partial specific volume of the solute (acetate, 
nitrate,^^), as should logically be done when comparing different 
solutes, the results for cellulose acetates and nitrates in acetone may be 
expressed by the single equation 

D. P. = 156 Wvoi. 

Association also may be involved in molecular weight determinations of 
high polymers, as so often is the case for ordinary small molecules. Os¬ 
motic pressure and the ultracontrifuge sltould give the weiglit of the associ¬ 
ated molecule, other disturbing factors being absent. The effect of associa¬ 
tion upon the viscosity depends, according to Staudinger’s theory, upon 
the relative positions of the molecules associating together. If compact 
bundles of parallel molecules are formed, the viscosity is supposed not to 
be affected, but if two molecules associate end to end, the effect on viscos¬ 
ity is supposed to be twice as great as in the absence of association. 

With so many factors influencing molecular weight determinations and 
viscosities of solutions of celluloses or derivatives, irregularities in the 
relationship between viscosity and molecular weight probably will persist 
even with accurate values for molecular weights. Much accurate data 
for various solvents and at various temperatures must be obtained before 
the effects of complicating factors can be properly unscrambled. On ac¬ 
count of unavoidable non-uniformity, the ultracentrifuge is the only means 
at present available for obtaining molecular weight information witli the 
necessary detail. Useful information can be secured by osmotic pressure 
methods, but the experimental technique needs further refinement so 
that reasonably accurate results can be obtained at low concentrations 
(e.g., 0.1 per cent or less). In the meantime we believe that the equations 
we have stated above may be used for estimating the degree of poljrmeriza- 
tion of technical celluloses, cellulose acetates, and cellulose nitrates by the 
viscosity method over the range of [i?] we have studied and with the solvents 
we have used. 
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THE SORPTION OF BROMINE AND IODINE BY SILICA GEL 
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In the literature on the adsorption of gases and vapors by porous ad¬ 
sorbents there is lacking a reasonably complete study on the halogens. 
There is recorded a set of measurements by Magnus and Muller (3) on 
the adsorption of chlorine by silica gel in an all-glass system at 0®, 20° 
and 40°C. They obtained adsorption isotherms which were slightly con¬ 
cave toward the pressure axis. However their results did not fit the 
Freundlich equation. Some time ago one of us decided to undertake a 
rather complete study on the sorption of the halogens and the hydrogen 
halides on various surfaces. This and the following pai)er give the results 
for bromine and iodine sorption on silica gel and charcoal. 

APPARATX'S AND MATERIALS 

Measurements of the sorption were made by the static method. The 
vapor ])ressure of pure halogen vapor in a glass and quartz system was 
controlled, and the sorption determined by means of a McBain sorption 
balance (4). 

Figure 1 shows the essential portions of the apparatus. The quartz 
spring balance was susj)ended from a hook on a glass ball resting upon 
tliree projections in th^ sorption tube, A. The sorbent was contained in 
a small glass bucket (1), S, and was susiiended from the spring by a quartz 
fiber. The pressure in the apparatus was determined by the 4.5 turn 
Bodenstein quartz spiral gauge, B, using this instrument as a null point 
indicator. The pressure hi the jacket of the gauge was varied until the 
index needle cohicided with the fixed reference point viewed m the field 
of a low-power microscoiie. The reference point, which was an integral 
part of the gauge, was attached with wax to the end of a glass tube sealed 
through the bottom of the jacket in order to prevent damaging vibration. 
The gauge was mounted in the jacket with a graded seal. 

Pressures were read from the large bore, closed-end, mercury manometer 
with a cathetoineter. The manometer readings were corrected to 0°C. 

^ The material here presented formed a part of a thesis submitted to the Graduate 
Faculty of the University of Minnesota by Angus E. Cameron in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy, December, 1932. 
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Zero readings were taken with the apparatus evacuated or the halogen 
frozen out with liquid oxygen and the quartz gauge at the temperature 
at which a run was to be made. 



Fig. 1. SoRFTiON Apparatus 


The entire apparatus, with the exception of the lower portion of the 
sorption tube, A, and the bottom of the quartz gauge, was enclosed in an 
air bath built of wood and lined with asbestos. A multibladed fan at 
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the top of the bath blew air down through a grid of resistance wire. A 
long, thin-walled glass regulator bulb filled with mercury and connected 
through a capillary to a control “U’’ was inserted through the wall of the 
oven, and operated a thermionic relay device to vary an external resistance 
in series with the heating grid. 

The halogen was introduced into the bottom of tube. A, as will be 
described, and its temperature was controlled by means of a thermo- 
stated bath in a half-gallon Dewar jar. The space between the lid of this 
small bath and the bottom of the air bath was insulated by a glass tube 
of large diameter, which was wound with asbestos paper. A resistance 
wire wound on the inside of this tube permitted heating of this portion of 
the tul)e to prevent condensation of halogen when w’orking at high vapor 
pressures. 

The small bath was stirred by a imiltibladed i:)addle driven by an 
induction stirring motor. A si)ecial thennoregulator bulb, witli large 
external surface and filled with toluene or mercury, operated a ther¬ 
mionic relay device to control the bath tem|x*rature. Above room tem- 
j)erature a small, direct-immersion heating element w ith a series resistance 
was used. Water or paraffin oil were used as bath liquid, depending upon 
the temf)erature to be obtained. Below room temperature the tempera¬ 
ture was controlled by an automatically operated cryostat (2). 

The sorption tube was cut at the point indicated by the arrow’, and a 
quartz fiber of sufficient length to extend below’ the floor of the oven was 
attached to the one already hanging from the spring. This fiber was 
shielded from air currents inside the oven by a glass tube of somew^hat 
greater diameter attached to the sorption tube with a ring of cork. A 
mica pan, weighing about 0.03 g., was hooked to this fiber, and calibrated 
fractional gram weights were placed upon the i)an. The long fil>er and 
pan were weighed on an analytical balance. 

Measurements of the spring length were made with a traveling micro- 
scoj)e rigidly mounted on a vertical rod supported t)ermanently on the 
side of the aii* thermostat. (Observations were made through a narrow 
glass window’. Other windows permitted observations of the interior of 
the thermostat. To reduce thermal disturbances on the inside the latter 
were double window’s. Illumination for reading the spring points was 
furnished by a long show^-case bulb behind an opal glass plate. The opal 
plate was removed for the studies with iodine vapor and the filament of 
the bulb lined up behind the spring points. 

The traveling microscope w as especially designed for vertical mounting 
and w’as constructed in the instrument shop of the University of Min¬ 
nesota. The screw’ was cut with a 1-mm. pitch and the micrometer head 
was marked with 100 divisions. The total useful range of the instrument 
w^as 100 mm. 
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The spring was calibrated at the various temperatures both before and 
after each run. The second calibrations were used in calculations of the 
sorption. The calibration was carried out in steps of 0.1 g. The sensi¬ 
tivity of the spring, expressed in milligrams per 0.01 mm. elongation, was 
calculated for each 0.1 g. interval at the different temperatures (see table 1). 
This sensitivity and the calibration points were used to determine the 
load on the spring from the observed length. 

The weight of the bucket was determined by hanging it on the short 
fiber and measuring the spring length. About 0.2 g. of sorbent was added 
to the bucket; after hanging it in place the sorption tube was sealed to¬ 
gether. The S 3 ^tem was evacuated through tube C. The vacuum sys¬ 
tem consisted of an ordinary and a high speed Langmuir mercury vapor 
pump operating in series, with the customary McLeod gauge and liquid 
air trap. 

The portion of the sorption tube in which the sorbent hung was heated 
with a small resistance tube furnace operated at 500-550°C. During 


TABLE 1 


Spring ealibraiion 


I.OAD 


LENGTH 


DIFFERENTIAL SENSITIVITY 


grama 


mm. 


mg per 0 01 mm. 


0 33958 
0.43944 
0.53967 


57.051 

62.666 

67.272 


0.17783 

0.17880 


evacuation the connecting tubing was flamed over as much of its length 
as possible. The system was evacuated at 10~‘ mm. pressure for 24 hours, 
and tube C was sealed. The halogen in one of the ampoules, E, was 
frozen vith liquid air, and the breakoffsky operated by a small direct 
current solenoid which had been placed around the tube before it was 
sealed in place. 

The halogen was allowed to remain in contact with the sorbent for at 
least twelve hours. During this time the furnace was held at a suflS- 
ciently high temperature to prevent excessive condensation on the sorbent. 
The temperature was raised to 500°C. several times during the twelve 
hours to aid in the displacement of foreign gases from the sorbent surface. 
The ampoule E, containing most of the halogen, was then sealed off, and the 
system opened to the vacuum line through one of the bank of breakoff- 
skies, D, after the remaining halogen had been frozen out in a seal-off 
bulb, F, with liquid oxygen. 

Evacuation and activation were continued as before for 48 hours, at 
which time the open breakoffsky was sealed and the second sample of 
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halogen admitted, distilled into the bottom of tube A, and the empty 
bulb sealed off. The activation furnace was removed when all the halo¬ 
gen had been frozen down in the bottom of tube A, the air bath was 
brought up to temi)erature, and the v^apor pressure thermostat was as¬ 
sembled and brought into operation. At the completion of a run tlie 
halogen was frozen into the remaining bulb, F, and sealed off before 
opening the system to the vacuum line. 

The temperature of the oven was read on a calibrated thermometer 
suspended beside the sorption tube. The temperature was constant to 
di0.15®C., at any setting from 60°C. to 220°C. When working with bro¬ 
mine the temjierature of the liquid bath was read on a 100°C. thermom¬ 
eter graduated in 0.1°C. steps and calibrated against thermometers with 
Bureau of Standards certification. A similarly calibrated 220°C. ther¬ 
mometer reading in 0.2°C. steps was used in the work with iodine. Below 
O^^C. the temperature of the bath was detennined with a calibrated toluene 
thermometer which for later work was replaced with a ten-junction copper- 
constant an thermocouple. The temperature of the bath was held to 
rbO.Ol^C. above room temperature and to within db0.03®C. from room 
temperature to 0®C. Below 0°C, the variation was found to l)e over a 
range not greater than 0.08®C. 

Tlie same quartz spring was used throughout this work. It consisted 
of twenty-one turns and was 1.5 cm. in diameter. Its sensitivity was 
approximately 0.18 mg. {)er 0.01 mm. elongation. The calibration of the 
spring was found to be remarkably reproducible, spring lengths measured 
two months apart checking within a few thousandths of a millimeter 
under the same load and at the same temperature. 

The bromine used was prepared from analytical reagent quality bro¬ 
mine. Further purification was carried out according to the directions 
given by Scott (6), shaking the bromine twice with 1 N potassium hydrox¬ 
ide and once with 0.5 N, It was then distilled once from dilute potassium 
hydroxide solution in an all-glass still with a short fractionating column, 
and again from the same still after cleaning and drying. The middle por¬ 
tion of the bromine was twice distilled in high vacuum through phos¬ 
phorus pentoxide wliich had been resublimed in a current of oxygen. The 
pentoxide tube was then sealed out of the all-glass apparatus and the 
bromine thrice fractionated in high vacuum before being distilled into the 
capsules and sealed off. 

The iodine was of c.p. quality and was sublimed once in air from an 
intimate mixture with c.p. potassium iodide and calcium oxide. The sub¬ 
limed iodine was then ground with more potassium iodide and calcium 
oxide, and introduced into the bottom bulb of a series of four bulbs joined 
by strictured tubing. The column w^as pumped out and about two-thirds 
of the iodine driven into the second bulb by heating with boiling water. 
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TABLE 2 


Sorption of bromine by tilica gel 


PBB8AVBS 

X/M 

TIME FOB BBAD- 

PBXS8UBB 

X/M 

TZMB FOB BBAD- 

(cobbbctbd) 

INQ 

(CORBBCTBO) 

XMO 

Isothermal at 58.0°C. 

Isothermal at 79.0®C.-—Con/. 

mm. 

millimole* per 
gram sorbent 

hours 

mm. 

millimoles per 
gram sorbent 

hours 

0.0 

0.0000 

3.0 

795.1 

5.2766 


3.7 

0.0384 


693.6 

4.4618* 


16.1 

0.1238 


640.2 

3.6289* 


38.2 

0.2585 


547.0 

2.4475* 


68.6 

0.4337 


501.2 

2.0126* 


88.6 

0.5614 


426.8 

1.5788* 


113.8 

0.7094 


365.1 

1.2778* 


144.7 

0.9291 

3.0 

293.7 

0.9758* 


178.1 

1.2134 

2.5 

244.2 

0 7935* 



■m 


174.4 

0.5615* 


219.1 

1 6580* 

3.7 

137.7 

0.4511* 


198.4 


4.7 

108.5 

0.3674* 





64 4 

0.2382* 


127.2 

0.8188* 

2.7 

10.2 

0 0516* 


99 9 

0.6347* 

3.5 

3.9 

0 0256* 


68.9 

68.7 

0.4433* 

0.4423* 

6.0 

11 2 

0.0 

0.0000* 





58.7 

0.3629* 


Isothermal at 99.9°C. 



2.2 

1 7 


2.5 



2.0 

5.3 



12 9 

0.0267 

0.7 



1.7 

72 6 

0.1443 

1 2 

118.3 

0.2210 

4.2 


151.3 

0.2770 

1.5 


IIHHIlHHBHHHi 


214.2 

0.3801 

2.0 




0 0 

0.0000 


265 9 

0.4665 

5.0 

2.4 

0.0105 

1.0 

324.4 

0.5649 

3,0 

11.5 

0.0473 

1.2 

392.6 

0.6828 

1.0 

69 8 

0.2342 

12.7 

455.6 

0.8028 

1.0 

112,5 

0.3601 

1.0 

336.1 

0.5934* 

3.0 

162.4 

0.5034 

1.2 

488.4 

0.8752 

2.0 


0.6911 

1.7 

564.9 

1.0350 

3.2 

267.7 

1.0144 

11.0 

629.6 

1.1930 

18.0 

326.9 

1.0942 

2.5 

694.7 

1.3616 

4.5 

395.4 

1.4103 

40 

744.4 


3.5 


1.7697 

2.5 

793.0 

1.6324 

11.0 


2.1890 

1.7 

673.8 

1.2929* 

26.5 

566.6 

2.5863 

13.0 

567.0 


3 0 

617.7 

3.0396 

4.0 

473.4 

0.8498* 

2.0 

671.6 

3.6238 

4.0 

364.9 

0.6466* 

6.0 

718.7 

4.3252 

7.0 

289.2 

0.5149* 

10.5 

756.0 

4.6483 

6.0 

235.1 

0.4271* 

2.0 


* Desorption readings. 
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TABLE 2 —Concluded 


PRBBBURIB 

X/M 

TXMB FOR READ- 

PRBBSURB 

X/M 

TIME FOR READ* 

(CORRSCTBO) 

XNQ 

(corrected) 

ING 

Isothermal at 99.9°C.— Cont. 

Isothermal at 117.5°C.— Cont. 

mm. 

millimolea per 
gram embent 

hours 

mm. 

mtllimoUs per 
gram sorbent 

hours 

173.9 

0.3262* 

1.7 

3.9 

0.0109* 

2.0 

139.6 

0.2698* 

1.5 

1 2 

0.0054* 

2 0 

86.6 

68.0 

0 1670* 
0.1443* 

1.7 

3 0 

0.0 

0 0000* 

2.0 




27.1 

0.1081* 

2.0 

Isothermal at 137.7^^0. 

0.0 

0.0000* 

4.5 

0.0 

0 0000 

3.0 

Isothermal at 117.5°C. 

68.1 

0 0570 

11 0 




109.6 

0 0857 

1.5 




0 0 

0.0000 

11 0 

139 5 

0 1039 

1 7 

67.7 

0 0809 

9.5 

173 3 

0 1297 

5.5 

110 2 

0 1262 

2 7 

215.7 

0 1577 

16 2 

1.39,4 

0.1585 

2.0 

257.3 

0 1907 

3.0 

174 2 

0.1889 

1.5 

323.0 

0 2249 

3 0 

215.7 

0.2295 

1.0 

393.8 

0.2663 

2.7 

266.0 

0.2846 

3 7 

472.5 

0 3186 

3 0 

323.5 

0 3423 

1.5 

563.4 

0.3753 

3.5 

392.0 

0.4076 

1.7 

668.6 

0.4429 

3.0 

470.6 

0.4852 

2.0 

789.8 

0.5214 

10 2 

563.1 

0.5780 

2 0 

751 6 

0.4959* 

4 0 

669 3 

0.6888 

4.0 

613.8 

0.4102* 

2.7 

790 4 

0.8315 

1 5 

507.3 

0 3412* 

2.5 

740.0 

0.7756* 

9 7 

432.2 

0.2928* 

14 5 

614.2 

0.6393* 

2.5 

356 0 

0.2456* 

3 7 

517.1 

0.5330* 

2.5 

294.5 

0.2071* 

5 5 

429.8 

0.4511* 

2 2 

239.3 

0.1744* 

22.0 

356.5 

0.3753* 

4.0 

193.5 

0.1446* 

2 0 

292.1 

0.3118* 

8.2 

152.8 

0.1199* 

1.5 

241.2 

0.2611* 

11,0 

122.9 

0.0988* 

3.0 

194.4 

0.2103* 

3.2 

67.7 

0.0559* 

11.0 

155 6 

0.1806* 

1.5 

24.3 

0.0280* 

2.0 

124.0 

0.1476* 

2.2 

9.3 

0 0171* 

3.0 

74.9 

0.1059* 

2.5 

1.7 

0.0080* 

2.0 

68.6 

0.0838* 

10.7 

0.0 

0.-* 

2.5 

21.1 

0.0326* 

1.7 





The bottom bulb was sealed off and the system further evacuated with 
a mercury pump protected by liquid air trap. Two-thirds of the iodine 
was then sublimed into the third bulb and the remainder sealed off. The 
sample tubes, each with a breakoffsky attached, were previously sealed 
to the top bulb and the iodine driven into them following a third fractional 
sublimation. 

Silica gel used was of the commercial glassy type. It was thoroughly 
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TABLE 3 


Sorption of iodine by silica gel 


PRBS80R1 (CORRRCTBO) 

X/M 

TXUl} FOR RBADINO 

Isotherm at 98.2®C. 

mm. 

milltmoles per gram sorbent 

hours 

0.03t 

0, - 

1.7 

5.6 

0.0143 

2.0 

10.6 

0.0231 

10.7 

18.0 

0.0423 

3.0 

23.3 

0.0787 

4.0 

13.6 

0.0294* 

1.7 

Isotherm at 137.6°C. 

2.2t 

0.01462 

3.0 

47.4 

0.03483 

2.0 

80.0 

0.06375 

10.0 

120.0 

0.2011 

9.5 

99.6 

0.1129* 

6.2 

15.3 

0.0217* 

11.5 

0.03t 

0.0009* 

5.0 

0.00 

0.- 1 

3 5 

Isotherm at 158.3®C. 

0.03t 

0.- 

3.0 

15.0 

0.0041 

i 

48.2 

0.0120 

1.5 

100.0 

0.0269 

5.5 

144.4 

0.0492 

9.5 

199.6 

0.1280 

3.5 

169.7 

0.0743* 

1.2 

0.03t 

0.-* 

2.7 

Isotherm at 178.4°C. 

o.oot 

0.- 

14.0 

2.6 


1.5 

48.0 


1.2 

101.4 

0.0156 

2.0 

235.1 

0.0436 

1.5 

319.1 


2.5 

428.4 

0.3411 

9.7 

368.4 

0.2443* 

8.5 

169.6 

0.0278* 

2.2 


• Desorption readings. 

t Values derived from vapor pressure function. 
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TABLE Z—Concluded 


PRBBBUllB (CORRBCTXD) 

X/M 

TIME FOR READINO 

Isotherm at 198.5°C. 

mm. 

millimoles per gram sorbent 

hours 

0.03t 

0 — 

1.0 

46.2 1 

0.0043 

1.2 

168.7 

0 0160 

10.0 

318.2 

0.0333 

2.5 

423.6 

0,0530 

1.7 

560 0 

0.1205 

3.5 

233.3 

0.0236* 

1.5 

119.5 

0 0119* 

14.0 

0 03t 

0.-* 

2 0 


washed with nitric acid and water and electrodialyzed for two days. The 
gel was dried and air-activated at 600®C. It was crushed in an agate 
mortar and sieved, the portion passing 60 mesh and retained by 100 mesh 
being used in this work. A sample of this gel was ignited to constant 
weight in a platinum crucible and showed a loss in weight of 3.32 per cent. 

RESISTS 

Measurements on the sorption of bromine by silica gel were carried out 
with the adsorbent maintained at 58"^, 79*^, 99.9®, 117.5®, and 137.7®C., 
resiiectively. The \’apor pressure of the bromine was regulated by the 
constant temj)erature cryostat, G. Equilibrium was established rapidly 
in the case of silica gel at all but higher pressures. However sufficient 
time was always taken to insure several constant readings before clianging 
the pressure of the l)romine. Data for the measurements are given in 
table 2. It will be noted that sorption studies were always follow^ed by 
desorption determinations dowm to zero pressure. The spring calibrations 
for the measurements at 68®C. are given in table 1. Similar calibrations 
were made at the other temperatures, but they are not included in the 
results. A calculation of the correction for the buoyancy effect of the 
halogen vapor was made assuming the gas laws and it was found to be 
less than one-half of 1 per cent of the bromine sorbed at atmospheric 
pressure. Accordingly no buoyancy corrections w^ere made. 

Table 3 gives similar results for iodine. The sorption-desorption iso¬ 
therms wwe measured at 98.2®, 137.6®, 158.3®, 178.4®, and 198.5®C., re¬ 
spectively. Readings were possible up to about 600 mm. pressure. 
Above this pressure the density of the iodine vapor rendered it impossible 
to see the spring points even against the bare filament of the lamp. An 
experimental determination of the buoyancy correction for iodine showed 
it to be within the limits of experimental error, so no correction was made 
for this factor. 
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DISCUSSION 

The five isothermals recorded in table 2 are shown graphically in figure 1 
of the following paper. Millimoles of bromine sorbed per gram of silica gel 
are plotted as ordinates against vapor pressure of bromine as abscissae. 
Similar results are presented in figure 2 , also of the following paper, for 
the sorption isotherms of iodine on silica gel. It is evident from the re¬ 
sults that adsorption and desorption are fully reversible. There is no 
evidence for the hysteresis so often found in sorptions on silica gel. The 
curves exhibit more or less convexity toward the pressure axis, which indi¬ 
cates loose binding forces and physical adsorption. 

Except for slight discontinuities the isotherms for bromine at the higher 
temperature are almost straight lines. The discontinuities seem to be 
greater than the probable experimental error and appear to be real. The 
isotherms for iodine appear to rise more abruptly, but this is in the main 
due to the change in the ordinate scale. Under comparable conditions 
many times as many bromine molecules are sorbed per gram of silica gel 
as iodine molecules. At its boiling point 1.5 millimoles of bromine are 
adsorbed per gram of gel under a pressure of 200 mm. Under the same 
pressure at its boiling point only 0.03 millimole of iodine is sorbed per 
gram of the gel. The International Critical Tables give the critical 
temperatures for bromine and iodine as 302“C. and SSS^C., respectively. 
It is evident from the data that the amount of sorption here found is not 
related to the difference between the critical temperature and the tempera¬ 
ture at which the sorption was measured, as is the case in so many sorption 
studies on silica gel. 

The data here presented do not fit the exponential equation of the 
classical adsorption isotherm. Neither do the data fit the Langmuir equa¬ 
tion for monomolecular adsorption. The expression which best fits these 
experimental results is that given by McGavack and Patrick (5). A 
fuller discussion of the characteristics of the sorption of bromine and iodine 
by silica gel will be given at a later date. A rather complete study on 
the sorption of chlorine by porous sorbents is in progress in this laboratory. 

SUMMARY 

1. An apparatus combining the sorption balance of McBain and Bakr 
and a quartz spiral manometer is described. 

2. Using this apparatus the sorption of bromine by silica gel was meas¬ 
ured at 58“, 79°, 99°, 117.5°, and 137.7°C. 

3. Using similar technique the sorption of iodine was measured at 
98.2°, 137.6°, 158.3°, 178.4°, and 198.5°C. 
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There are recorded in the literature several instances of adsorption stud¬ 
ies in which one of the halogens was adsorbed by either silica gel or char¬ 
coal. Probably the best work to date is that of Magnus and Muller (4), 
who studied the sorption of chlorine by silica gel in an all-glass system at 
0®, 20° and 40°C. Bosshard (2) determined the retention of bromine by 
various silica gels when the bromine vapor w^as carried over the gel by an 
inert gas. Qualitative measurements on sorptions measured dynamically 
in the presence of foreign gases constitute most of the other recorded meas¬ 
urements. The great difficulties involved in the sorption of halogen vapors 
have no doubt hindered successful study in this most important field. 

Some time ago it was decided to study rather completely the sorption of 
the halogens in an all-glass-quartz system. Experimental technique in 
the handling of gases had advanced to such a point that success seemed 
possible. In this investigation the helical quartz spring sorption balance 
of McBain and Bakr (* 1 ) was combined with the quartz spiral manometer 
described by Bodenstein and Katayama (1). The design and operation of 
the apparatus is fully described by the authors in another publication. In 
brief, the apparatus of all-glass and quartz was sealed from the vacuum 
pumps during measurements. The vapor pressure of the halogen was 
maintained by condensing it into a tube immersed in an automatic cryo¬ 
stat as described by Cameron (3). By proper control of the temperature 
of the bath, the vapor pressure of the halogen could be varied throughout 
wide limits. The sorption balance and quartz manometer wore main¬ 
tained at constant temperature during measurements in a specially con¬ 
structed air thermostat. This thermostat was capable of close tempera¬ 
ture regulation up to 220°C. 

The silica gel used in this investigation was of the glassy type. It was 
kindly furnished by the Silica Gel Corporation. This gel was digested 
with nitric acid and then thoroughly washed and finally electrodialyzed 
for several days in an electrodialysLs cell. Following the dialysis it was 

^ Presented before the Eleventh Colloid Symposium, held at Madison, Wisconsin, 
June 14-16, 1934. 
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dried and air-activated at 600®C. Granules which passed a standard 60- 
mesh and WCTe retained by a 100-mesh screen were used in this investiga¬ 
tion. The charcoal was prepared from cocoanut shells which had been 
cleaned and extracted with ether, alcohol, and water in the order named. 
The shells were coked by bringing the temperature slowly to 550-575®C. 
and holding it there for half an hour after the last flammable vapors had 
been generated. The charcoal was crushed and then activated by passing 
superheated steam over it in a silica tube heated in an electric tube furnace 
to 850®C. On analysis this charcoal was found to have an ash content of 
0.185 per cent. 

The bromine and iodine were purified chemically by the best recom¬ 
mended procedure. They were then further purified by successive distilla¬ 
tions or sublimations in specially constructed vacuum systems. The 
middle portions only of the final vacuum purifications were used in this 
investigation. 

Sorption-desorption isotherms were obtained over a wide pressure range 
for bromine on silica gel at 58®, 79°, 99.9®, 117.5°, and ]37.7®C. Figure 1 
presents the results graphically. Except for the highest desorption read¬ 
ings at 79®C., the sorption and desorption values seem to be completely re¬ 
versible. Throughout the temperature and pressure range studied there is 
no hysteresis evident. Slight irregularities may be noted in the curves, 
and these may be due to errors in the determination. However they seem 
to be slightly larger than experimental errors and may be evidence for the 
type of discontinuity reported recently by Allmand and other investigators. 
The curves obtained for the two highest temperatures indicate that the 
sorption of bromine is directly proportional to the pressure at these tem¬ 
peratures. The results for the sorption-desorption of iodine at 98.2®, 
137.6®, 158.3®, 178.4®, and 198.5®C. are shown graphically in figure 2. 
The ordinates of this graph are magnified tenfold as to millimoles adsorbed 
over figure 1. This makes the curves appear to rise more abmptly in the 
case of iodine sorption. However the millimoles of bromine sorbed under 
comparable temperature and pressure conditions were on the average ten¬ 
fold greater than in the case of iodine. Except at the highest pressures, 
equilibrium between the silica gel and the halogen vapor was established 
rather rapidly. There was no evidence for a slow sorption of a different 
t 3 q)e from the initial rapid sorption. The isotherms for iodine at the two 
lowest temperatures indicate a slight break in the lowest pressure range. 
This may indicate a different type of sorption at low pressures. 

In the sorption studies on charcoal a very different behavior was found. 
The rate of sorption was slower than in the case of silica gel, about 24 hours 
being needed to obtain reasonably constant results. As a result it was 
decided to determine the rates of sorption and desorption on charcoal. 
Measurements of this rate were made at constant vapor pressure of the 
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Fig. 1. Sorption of Bromine by Silica Gel 



Fig. 2. Sorption op Iodine by Silica Gel 
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halogen for 24 hours. The vapor pressure was then inereased and the rate 
of sorption determined for this higher pressure. After sorption at the high¬ 
est vapor pressure, similar rate studies were made on desorption by suc¬ 
cessively dropping the vapor pressure of the halogen to the same pressures 
as were maintained during sorptions. Figure 3 shows graphically the re¬ 
sults obtained at 137.6®C. It should be noted that the desorption points 
reached at the end of the 24-hour period always lie slightly above the cor¬ 
responding sorption points. It is possible that these points would coincide 
after a very long time, but the sorption-desorption curves came so close to 
one another and were so nearly parallel that it was not felt necessary to 




0 aoo 400 MO MO 1000 mo mm mo 
TiHC IN MiNvrres 


Fia. 3. Rates or Sobftiok of Bbouinb bt Chabcoal at 137.6®C. 


prolong the study. Rate curves for other temperatures than the one given 
in figure 3 are much the same. However, the higher the pressure and the 
higher the temperatiu'e the closer to the sorption points lie the desorption 
points. It should also be noted that more than 2.5 millimoles of bromine 
remain adsorbed when desorption is carried out at 0.03 nun. pressure. In 
fact it is impossible to remove all the bromine from the charcoal by thor¬ 
ough evacuation. When the charcoal containing the halogen is heated to 
about fiOO^C. and the tube containing the liquid bromine is frozen by im¬ 
mersion in liquid oxy^n, equilibrium is reached when slightly more than 2 
noillimoles of bromine remain sorbed by a gram of charcoal. Under similar 
heat treatment of the charcoal containing bromine, evacuation of the sys¬ 
tem was carried out at 10^ nun. pressure. After 24 hours about 0.7 
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Fig. 4. Sorption of Bromine by Charcoal 



Fig. 6 . Sorption op Iodine by Charcoal 
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milUmole of bromine remained per gram of charcoal, and at the end 72 
hours this quantity had only been reduced to 0.6 millimole. These results 
are in agreement with those of Ruff, Rimrott, and Zeumer (6), who found 
that charcoal must be heated to llOO^C. before the last of the bromine was 
removed. The products then obtained ware hydrogen bromide, bromine, 
and some carbon-containing bromine compounds. 

The isotherms for bromine and iodine sorbed by the charcoal are given 
in figures 4 and 5. It should be noted that the amount of iodine taken up 
by the charcoal is much less than the quantity of bromine. However the 
types of isotherms obtained are similar. The differences in amount of io¬ 
dine sorbed by the charcoal as compared to bromine are very similar to the 
differences obtained on silica gel. 

DISCUSSION 

In considering the character of the sorption of the halogens by two such 
different porous sorbents, it is important to know the surface area covered 
by the sorbed gases at various temperatures and pressures. From viscos¬ 
ity measurements Rankine gives the molecular diameters of bromine and 
iodine as 3.42 X 10“* cm. and 3.76 X 10~* cm., respectively. If we as¬ 
sume that the molecules cover an area equal to the square of the diameters, 
then 1 millimole of bromine would cover 7.1 X 10* cm.* and 1 millimole of 
iodine would cover 8.58 X 10* cm*. Multiplying the number of millimoles 
sorbed at varying pressures by these areas would give the approximate 
area covered under the different conditions. The data obtained for the 
sorptions by silica gel do not fit the classical sorption isothermal, neither 
can they be fitted to the Langmuir expressions. The shape of the curves 
seems to indicate a rather loose type of physical binding of the van der 
Waals type, or they may represent capillary condensation. In fact the 
sorption values fit the expression of Patrick, 

for capillary condensation better than any other, and even here the agree¬ 
ment is not good at either very high or very low pressure values for bro¬ 
mine. The sorption of iodine shows still less agreement with this expres¬ 
sion. In order to test this equation it is necessary to know the volume, V, 
of the liquid sorbed, the surface-tension, y, of the liquid at the temperature 
of the isothermal, the equilibrium pressure, P, and the saturation pressure. 
Pa, at the temperature of the isothermal. The data for all the isothermals 
should fall on the same straight line, where log V is plotted against log 

p 

The values used in checking the Patrick expression were obtained as 
Pr 

follows. The values of Pa were read from a plot of log P against 1/T. 
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The values of the vapor pressure used in the graphs and of the surface ten¬ 
sion and density at 20°C. of bromine were obtained from the International 
Critical Tables. The constant of the Ramsay-Edtvos-Shields equation 
was calculated for bromine and found to be 2.074. Using this constant 
and the values of the surface tension, y, obtained by straight line extrapo¬ 
lation between 20®C. and <*“*, the density of bromine at the temperatures 
of the various isothermals was calculated. The various values so obtained 
for bromine are given in table 1. 

p 

The values of V and ^ can then be obtained and the logarithms of 

“s 

these values plotted against each other. Figure 6 shows the results so 
obtained. The points all lie well along a straight line except at the two 
extremes, where considerable deviation is to be noted. In view of the many 
assumptions made use of in obtaining the necessary quantities for the Pat¬ 
rick equation, the agreement seems rather good. In addition, if one reads 
the equilibrium pressures for the same value of X/M for the various iso- 


TABLE 1 

a* 41.5 dynes per centimeter; = 3.119; tc “ 302°C. 


^wotlxermal 

7 

dt 

Ps 

58.0 

1 

36 0 

3.14 

mm. 

740 

79.0 

32.6 

3.04 

1340 

99.9 

29.4 

3.11 

2631 

117.5 

27.0 

3.148 

3881 

137.7 

23.8 

3.12 

5650 


thermals, then it is possible to calculate the differential heats of sorption 
from the Clausius-Clapeyron equation. 




RTiTi 

T2-T^ 


In 


Pi 


The average of eleven such calculations gives the differential heat of sorp¬ 
tion as 7719 cal. per mole. The latent heat of vaporization of bromine at 
the boiling point is given in the International Critical Tables as 7167 cal. 
per mole. Thus the differential heat of sorption is only slightly larger than 
the latent heat of vaporization. This difference may be significant, but 
the sorption forces are apparently not much different from those involved 
in the formation of the liquid from the vapor phase. Finally the question 
should be raised as to whether it is necessary to have capillary condensation 
or not. In these experiments the maximum sorption measured for bro¬ 
mine on silica gel was about 4.5 millimoles at 79®C. 4.6 X 7.1 X 10‘ cm.* 
gives 31.95 X 10* cm*, as probably the area covered by bromine. This 
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is not as great as the total surface area per gram of silica gel as reported by 
many investigators. However, the shape of the isothermals indicates that 
the gd will continue to take up more of the halogen as its pressure is in¬ 
creased. It is therefore possible that we have capillary condensation 
superimposed on loosely acting surface forces. 

Calculations similar to those given above were made for iodine, but the 
results did not agree so well with the Patrick expression as did those for 
bromine. The average of four calculations of the differential heat of sorp¬ 
tion gave a value of 11,340 cal. per mole. The latent heat of vaporization 
at the boiling point is given in the International Critical Tables as 10,516 



Fio. 6. Looahithmic Plot of Bbominb Sobption Based on Patbick’s Eovation 

cal. per mole. However, the heat of sublimation is of the order of 14,520 
cal. The differential heat of sorption is thus only slightly greater than the 
latent heat of vaporization. Similar physical forces seem to be acting in 
the case of iodine sorption as was found for bromine. 

As already noted, the character of the sorption of the halogens on char¬ 
coal is quite different from that on silica gel. By far the largest part of 
the sorption occurs in the lowest pressure ranges. There is a relatively 
small difference between the amounts sorbed at the lowest and highest 
temperatures at the same vapor pressure of the halogen. This is not true 
in the case of silica gel. The tsrpe of isotherm obtained indicates the 
formation of a monomolecular layer of sorbed molecules. Hiis appears to 
be followed at higher pressures by slow diffusion into the charcoal. 
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The average of eleven values of the differential heat of sorption calcu¬ 
lated as before was 11,420 cal. per mole for bromine on charcoal. The 
average of four such calculated values for iodine was found to be 13,500 
cal. per mole. The value for bromine is some 4000 cal. per mole higher 
than the latent heat of vaporization. In the case of iodine it is about 
2500 cal. higher. These significantly higher values indicate that some form 
of activated sorption is taking place. 

The simplest form of the Langmuir sorption expression is 

X _ abp 
M 1 + 



Fig. 7. Sorption Isotherms Obtained by Use of the Langmuir Equation 


which by rearrangement becomes 


P _ 1 
X/M ab 




which is the equation of a straight line. The values of PJX/M were cal¬ 
culated from the data and plotted against P, The results arc shown in 
figure 7, and the agreement with the Langmuir equation is excellent. 
Only when plotted on a much enlarged scale is any deviation from the 
straight-line relationship found, and this occurs at the very lowest pressure. 
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It seems evident that the sorption of bromine and iodine by activated char¬ 
coal is of the monomolecular type called "persorption” by McBain. In 
this t 3 rpe of sorption all of the sorbed molecules are bound directly by the 
atoms of the surface of the sorbent. If the surface of the charcoal is com¬ 
pletely covered by bromine molecules, then a simple calculation shows 
that a gram of this activated charcoal has a surface area of about 350 
square meters. This is of the same order of magnitude as found by other 
investigators. 


SUMMARY 

1. Sorptions of bromine and iodine on silica gel and activated charcoal 
have been measured in an all-glass-quartz system at widely different 
temperatures. 

2. Sorptions by silica gel indicate a loose physical binding or capillary 
condensation. 

3. Sorptions by charcoal indicate activated sorption that is monomolec¬ 
ular in depth of layer. 
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In previous articles the authors have described studies on overvoltage 
at platinized platinum electrodes m2 N sulfuric acid (a) by means of a 
commutator in connection with a potentiometer (1,2, 5,6), (b) by means 
of a commutator in connection with an oscillograph (3), and (c) by means 
of an electromagnetic interrupter in connection with an oscillograph (4). 

In the present paper the methods described in the last two papers are 
used to study the overvoltage phenomena at smooth platinum electrodes 
in 2 V sulfuric acid solutions. In all respects except for the type of 
electrodes, the equipment, general methods of procedure, kind of measure¬ 
ments made, method of recording data, and symbols used are the same as 
in previous papers and therefore will not be described here. 

In the fourth paper (2) of this series the results furnished extremely 
strong evidence that platinized platinum electrodes in 2 V sulfuric acid 
show no surface resistance of any kind for current densities between 3.8 
and 150 ma. With smooth platinum electrodes the decrease in discharge 
potential was found to be so rapid that satisfactory results could not be 
obtained with the commutator-potentiometer system. In the fifth paper 
(3) it was shown that for platinized platinum the commutator-oscillograph 
method gives results identical with those obtained by the direct poten¬ 
tiometer method; and further confirmation was added to the conclusion 
previously stated that there is no surface resistance at such electrodes. In 
the seventh paper (4) an electromagnetic interrupter was used, which 
made it possible to superimpose various curves in such a manner that a 
direct comparison could be made between the nature of discharge curves 
which were known to result only from an IR drop and others which were 
known to result from an IR drop and depolarization, and the curve of an 
unknown type which was under investigation and was known to contain 

^ The oscillograph used was purchased with a grant from the Faculty Research 
Fund of the University of Michigan, which thus made this work possible. 
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a potential drop due to depolarization and might contain a drop due to 
surface resistance. It was evident, clearly, from comparisons such as 
these, that there is no surface resistance at platinized platinum electrodes 
in 2 JV" sulfuric acid throughout the range of current densities used. 

In the works just referred to, the authors have based their conclusions 
concerning the non-existence of surface resistance upon the assumption that 
no part of a discharge potential can result from any portion of the charge 
potential required to force current through a surface resistance. A second 
assumption has been made, also, that the rate of discharge of potential 
of an IR nature is much more rapid than depolarization. It is entirely 
upon the latter assumption that many other investigators have based 
their conclusion concerning the exjWence of surface resistance, i.e., New- 
bery (8) and Hollar (7) obtained oscillograms showing vertical drops 
at the beginning of the discharge intervals which they interpreted as due 
to a resistance at the electrode-electrolyte interface. The work to be 
described in the present paper indicates that the early part of the dis¬ 
charge curves at smooth platinum electrodes shows as rapid a drop as 
that due to a pure resistance. It is shown further, however, that this very 
rapid drop cannot be due to surface resistance. 

Figures 1 and 2 show the behavior of the cathode at different current 
densities. The potential measured between the two reference electrodes 
is made up only of IR drops between the polarized electrodes and is repre¬ 
sented in all figures by I when measured by the commutator-potentiometer 
method and by I' when measured by the direct method, i.e., while the 
polarizing circuit is still closed. The corresponding values for the cathode 
are represented by K and K'. The cathode values are the potentials 
measured between the cathode and cathode standard and might include 
an IR drop due to surface resistance if such exists. 

It should be noted that for all current densities the I and I' values are 
identical, which means that all potentials due to resistances must be the 
same irrespective of the method of measurement. At the cathode, for 
extremely low current densities, the potential is about 1 millivolt less as 
measured by the commutator method than by the direct; the authors 
believe, however, that this difference would disappear if a slightly longer 
charge interval were allowed; it may be observed that the K curves were 
still slowly rising at the end of the charge interval. A similar phenomenon 
was observed at platinized platinum cathodes. The agreement between 
the values obtained by the two methods is perfect in all other cases. Prob¬ 
ably the most striking difference between these curves for smooth platinum 
and those reported earlier (3) for platinized platinum is the rapid increase 
in cathode potential with current density and the rate at which depolariza¬ 
tion takes place on the smooth platinum. For instance, according to 
figure 5 of reference 7 the cathode overvoltage at platinized platinum is 
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less than 2 millivolts for a current density of 0.0084 amp., while from 
figure 2 of the present article it is about 150 mv. for a current density of 
only 0.0035 amp. 

It is clearly not possible to say from the shapes of the K curves of figures 
1 and 2 whether the rapid drop represents depolarization only or whether 
a part is due to an IR drop over a surface resistance. 



Fig. 1. Cathode Curves and Curves Showing the IR Drop through the Solu¬ 
tion AT THE Current Densities 0.0004, 0.0010, and 0.0016 Amp., Obtained by 
BOTH THE Direct and Commutator Methods 



Fig. 2. Cathode Curves and Curves Showing the IR Drop through the Solu¬ 
tion at the Current Density 0.0035 Amp., Obtained by both the Direct and 
Commutator Methods 

The behavior of the anode at different current densities is represented by 
the curves in figures 3 and 4. The Az curves of figure 3 show that at 
extremely low current densities the anode, also, gives a slightly lower value 
by the commutator method than by the direct; in fact it shows no drop at 
all in potential during the discharge intervals. The overvoltage, there¬ 
fore, under these conditions appears to be zero. The overvoltage at the 
anode increases extremely rapidly with current density, as the curves in 
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fiKurea 3 and 4 show, but the maximum value attained by the commutator 
method is precisely the same as that given by the direct method in 
all cases except the lowest current density. The general nature of the 
discharge curves is such as would be expected to result from depolarization, 
though it is not possible to say from the appearance of curve At, figure 4, 
that no portion of the discharge is due to an IR drop. It is evident from 



Fio. 3. Anode CaARaB and Discharge Curves at the Current Densities 
0.000005, 0.00034, and 0.00071 Amp., Obtained bt both the Direct and 
Commutator Methods 



Fig. 4. Anode Curves and Curves Showing the IR Drop through the Solution 
AT THE Current Density 0.0016 Amp., Obtained by both the Direct and 
Commutator Methods 

these curves that the extent of overvoltage and its general nature is about 
the same for anode and cathode at smooth platinum electrodes; and the 
drop in potential is so rapid in both cases that it is not possible to distin¬ 
guish by means of the commutator between an IR potential and true 
overvoltage. These observations are distinctly different from those 
reported for platinized platinum. In order to obtain more information 
along this line, curves were taken with the electromagnetic interrupter. 
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The action of the electromagnetic interrupter is described in article VII 
(4) of this series and therefore no description is given here. By means of 
this arrangement it is possible to superimpose curves representing poten¬ 
tials of different types and different absolute values, and each may be 
interrupted at the same point on the film. This makes it much easier to 
analyze the nature of an unknown potential by comparing the curve given 
by it with curves given by potentials of known characteristics. 

In figure 5 the three anode curves, Ai, A 2 , and As, were obtained at 
current densities 0.00024, 0.00032, and 0.00163 amp., respectively. The 
corresponding curves, h, 12 , and h, show that the potential due to IR drop 
between the electrodes was practically zero at these low current densities. 
There are two timing waves at the bottom; the one showing the higher 
drum speed corresponds to A 3 and the other to Ai. These anode curves 



Fio. 5. Curves fob Anode Depolarization and IR Drop through the Solution 
AT THE Current Densities 0.00024, 0.00032, and 0.00163 Amp. 

At and At were obtained at different drum speeds 

appear to represent electrode depolarization only, since there is no vertical 
portion; but one is liable to be misled unless the speed of the drum is consid¬ 
ered. As they appear in the figure, A 3 drops at a greater rate than At, yet 
the film in the case of A 3 had a velocity about 3.5 times greater than in the 
case of Ai. If the speed of the film had been the same for A 3 as At, the rate 
of drop of A» would appear much greater. These curves show: (1) that the 
anode overvoltage increases very rapidly with current density at low 
current densities, and (2) that the apparent rate of depolarization increases 
greatly with the amount of polarization. 

In figure 6 are curves representing overvoltage values determined by 
three methods. The straight line A' and the straight portion of Ai were 
obtained by the constant deflection of the oscillograph mirror due to a 
continuous constant potential applied to the anode. Both lines correspond 
to the same potential, but were taken at different times and with different 
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hn.ig.n«ing potentials which caused them to appear at different positions on 
the film. At the end of the straight portion of Ai the polarizing circuit was 
interrupted by means of the electromagnet and the remainder of &e cu^e 
represents the depolarization of the electrode. Curve A was obtained with 
the commutator for the same polarizing potential as used in the two 



Fia. 6. Anode Corves Obtained bt the Direct Method (A'), the Commutator 
Method (A), and the Electbomagnetic Interrupter (Ai) 

The same anode potential was used in each case 



Fig. 7. Curves for Cathode Discharge and IR Drop through the Solution 

The same polarizing potential was used in all cases, but Kt and It were taken about 
one half-hour after Ki and /i. 

previous cases. It is evident that the commutator and electromagnet give 
identical depolarization curves. 

The curves in figure 7 were all taken with the same applied polarizing 
potential across the cell; the only variable factor was time. The Ki and It 
curves were taken about one half-hour after Ki and Jj. During this time 
interval the overvoltage increased about 40 mv., and the current density 
dropped from 0.0029 to 0.0028 amp. The drop in the Ii and It curves is 
due to the potential across a pure resistance, that of the solution, while the 
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drop in Ki and K 2 is due to depolarization alone, yet the latter is even more 
rapid than the former at the start. 

Curves for slightly higher current densities are shown in figure 8. The 
same current density, 0.0067 amp., was used for Ki and h as for Ki and 
Ilf the latter being taken a few minutes after the former. The and h 
curves were obtained at a current density of 0.0116 amp. The I curves 
in this figure represent a sufficiently large potential to show accurately the 
type of curve given by the interruption of a potential over a pure resistance; 
this is particularly true of h- It is very important to keep in mind that the 
1 2 curve represents or includes all potentials due to IR drops between the 
cathode and anode of the electrolysis cell. In other words, if there is any 
transfer or surface resistance at the cathode it must be included as a part 
of the drop in h. When it is remembered that K 2 is made up only of the 



Fig. 8. Cukves fok Cathode Discharge and IR Drop through the Solution 

Ki' and Ii were taken at the same current density, 0.0067 amp,, as Ki and /i, but 
about five minutes later. K 2 and I 2 were taken at a current density of 0.0116 amp. 

sum of h and the true polarization at the cathode, it must be evident that 
any potential greater than h can be due only to true polarization; or, in 
other words,* all that portion of K 2 below the lower horizontal line of the 
I 2 curve must be due to cathode depolarization. It is also evident from the 
curves that there can be no distinction made in the nature of the K 2 curve 
between the portion above and that below the lower horizontal part of 12 ; 
also, no distinction can be made between the upper part of I 2 and any part 
of K 2 . This all demonstrates that no distinction can be made between a 
curve representing a fall of potential over a pure resistance and a curve 
representing pure depolarization for smooth platinum electrodes at the 
current densities used here. If this conclusion is warranted from the data, 
then it follows that the oscillograph such as is employed in this work can 
not be used to disprove the existence of transfer resistance in the case of 
smooth platinum electrodes merely on the basis of a difference in the shapes 
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of the curves. The authors wish to point out especially, however, that in 
all of these figures the I curves include all IR drops, those due to surface 
resistances as well as electrolytic resistance, and that these drops are small 
compared with the total drops at the electrodes; also, that current measure¬ 
ments were made in all cases, and when the total resistance was calculated 
the same value was found irrespective of the total current or whether the 
electrodes were platinized or smooth. 

On the basis of the evidence here presented, therefore, irrespective of the 
fact that for smooth platinum electrodes it is not possible to distinguish 
between an IR drop and depolarization because both fall so rapidly, yet it 
may be concluded that there is no transfer resistance even at the surface 
of smooth platinum electrodes. 


8UMMABY 

1. A study is made of overvoltage phenomena at both anodes and 
cathodes of bright platinum in 2 JV sulfuric acid. 

2. An oscillograph was used to obtain charge and discharge curves. 

3. Curves are obtained which show the influence of time and current 
density. 

4. A comparison is made of the direct method, the commutator method, 
and the electromagnetic interrupter. 

6. An attempt is made to distinguish between discharge curves due to a 
pure resistance, those due to true depolarization, and those due to a combi¬ 
nation of the two. 

The junior author wishes to acknowledge his indebtedness to the China 
Foundation for the Promotion of Education and Culture, for the granting 
to him of a fellowship which made it possible for him to continue his 
research work at the University of Michigan. 
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INTRODUCTION 

Duane (6), in 1901, demonstrated that the progress of a reaction in the 
liquid phase could be determined by measuring the changes in refractive 
index of the reacting solution. At the same time he showed that the same 
result could be obtained by measuring the changes in volume of the solu¬ 
tion during the course of the reaction. Koelichen (11) had first employed 
this ^‘dilatometric*^ method the preceding year. The latter method has 
since been employed frequently in rate investigations; the former has been 
almost abandoned. Recently, however, with the increased use of the 
Rayleigh interferometer, a few investigators (9, 16, 17,19) have employed 
that instrument in the determination of rates of reactions. None of these, 
however, has devoted much space to a description or analysis of his method, 
which deserves more consideration. 

There is a close relationship between the dilatometric and refractometric 
methods; this is a necessary consequence of the exactness of all the formulas 
for specific refraction, in which the refractive index is closely inversely 
proportional to the density. Wagner, Fajans, and Kohner (12), among 
others, have shown that for completely ionized salts and acids, as well as 
for unionized substances in aqueous solutions, the molecular refractions 
calculated from the Lorenz-Lorentz equation and the Biot-Arago law of 
mixtures are very nearly constants, rarely deviating by as much as 0.5 
per cent from their mean values except over very wide ranges of concen¬ 
tration. Since the Lorenz-Lorentz equation is also the soundest, theoreti¬ 
cally, of the relations between density and refractive index, we shall 
employ it in an investigation of the relations between the two afore¬ 
mentioned quantities and the molecular refraction. 

For a general reaction 

Ai -b . . . Ai . A* — ♦ jBi + • • • -8/ + • • — (1) 
the Lorenz-Lorentz equation before any interval of the reaction is 

k I 

M 5= P9M9 + 2 

I I 
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( 2 ) 
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and after the interval is 


M' ^p.M. + 'EPiMi + T,Q'iMi 


( 3 ) 


where the terms 


(n*-l) 


for the various components are designated by 


d(w* + 2) 

M with sub- and super-scripts as indicated below: 

M for the solution before the interval of reaction, 

M' for the solution after the interval of reaction, 

Mi for the reactant Ai, 

Mj for the product B,- and 
M, for the solvent. 

Pi and Qi are the weight fractions, respectively, of At and Bj before the reac¬ 
tion, and pi and q/ their weight fractions after the reaction. 

Subtracting equation 3 from equation 2 we obtain 


M - M' = E (P. - Pi) Mi+j: («?,• - q') Mi 


(4) 


The weight fractions of the terms remaining on the right-hand side of 
equation 4 correspond to the quantities consumed and produced according 
to the stoichiometric equation. That being so. 


Mol, wt. 
P - P' 


and 


Mol. wt. 
9-9' 


are the same for all terms. 

Multiplying and dividing the right-hand side of equation 4 by this 
quantity and defining the molecular refraction. 


we have 


Mol. wt. (n* — 1) 

d W+~2) 


M -M' = 


I r 

Pi - Pi V' 
Mol. wt.< ^ 


Ri - 



(5) 


The right-hand side of equation 5 we will call K. X is a function only of 
molecular refractions, which may, in general, be calculated with a fair 
degree of accuracy, and of concentrations; hence it is readily determinable. 

Equation 5 may be solved as a quadratic in (n' — n), the change in re¬ 
fractive index, in terms of the parameters n, d, d', and K. The result is 


(n' — n) 


—n ± 



(n* + 2) (n» - 1) id' -d)- Kdd' (n^ + 2) 
d'{n^ -1) ~d{l+ Kd') (n» -|- 2) 


( 6 ) 
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From equation 6 it is seen that the changes in density, concentration, 
and molecular refraction must be known in order to calculate the change of 
refractive index. It is also to be observed that there may be reaction 
sjrstems wherein there will be a change in density but not in refractive in¬ 
dex, and vice versa. Secondly, (n' — n) is very nearly proportional to 
the change in density, {d' — d), and to K, when these quantities do not 
exceed the magnitudes encountered in rate work, viz., when [ d' — d | < 
0.01,1 jK I < 0.001.* This is illustrated by table 1. 

TABLE 1 


Change of refractive index as a function of change of density and molar refraction 
(n' - n) = f[K, n, (rf' - d), d] 


K 

»0, - l,n * 1.333 

(rf'- 

d) «0.d « l,n« 1.333 

-d 

n* — n 

n* — n 
n' ~ a 

K 

(n' - n) 

(n' - n) 

A* 

0.1 

0 03844 

0 3844 

+0 01 

~0 01773 

-1 773 

0 01 

0 003685 

0 3685 

+0 001 

0 001783 i 

1.783 

0 001 

0.0003670 

0 3670 

+0 00001 

0 00001784 

1.784 

0.0001 

0 00003669 

0 3669 

0 

0 


0.00001 

0 00000366 

0 366 

-0 00001 

+0.00001783 

-1.783 

0 0 

0 


o o 

o o 

1 \ 

0 001785 

0 01794 

1.785 

1 794 


d « 1, n « 1.333 



d' - d 

(n' — n) 

(n^ — ri) obtained as sum of limiting values 
from columns 3 and 6 above 

-0 01 

0 01 

0 02184 

0.01784 + 0.00367 = 0.02161 

-0 00001 

0 01 

0 003691 

0.0000178 + 0.003669 - 0 003687 

-0 01 

0.00001 

0.01786 

0.01784 + 0 00000367 - 0 01784 

-0 00001 

0 00001 

0.00002150 

0.00001784 + 0.0000367 - 0 00002151 


^ To show that the limiting values for K are reasonable we have calculated the 
change in molecular refraction for the following reactions: 

RCN + H. 2 O RCONH 2 2R - SR' = + 0.39 

RCOOR + HaO RCOOH -f ROH SR - SR' »+ 0 17 

R 

/ 

RjCfOHlCHjC R 2 CO + {CHj)RCO SR - SR' = - 0 69 

O 

In dilute aqueous solutions, {p — g)/mol. wt. =» AiV*10^*, aN being the change in 
normality, and 

K « i\r(s/e - Si2')-10-» 

If we take N » 0.1, then K falls between 10“* and 10“®. 
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In dilatometrio investigations it has generally been assumed that the 
small changes occurring in the density are strictly proportional to the 
changes in concentration. We see from the above considerations that, if 
the assumption is valid for changes in density, it is also valid for changes in 
refractive index. However, with the interferometer it is not necessary, 
although it is convenient and generally satisfactory, to make this assump¬ 
tion, for usually a direct determination may be made of the relation be¬ 
tween concentration and refractive index. 

EXPERIMENTAL METHOD 

The general methods for using the Rayleigh interferometer have been 
adequately described (1, 2, 4, 7, 10, 20). A very brief description of the 
instrument will be sufficient here. A beam of light is split into two por¬ 
tions, one of which passes through a length of a “reference” substance, 
then through a fixed glass compensator plate, the other through an equal 
length of an “unknown” substance and through an identical compensator 
plate; finally the beams are reunited through slits to form interference 
fringes. If the optical paths through the reference and unknown sub¬ 
stances are not the same, i.e., if the refractive indices of the solutions are 
made different, there will result a shift of the fringe system. By adjusting 
one of the compensator plates by means of a micrometer screw this shift 
is overcome, and the fringes arc brought back to the zero position. Differ¬ 
ences of refractive index may be determined as a simple, almost linear, 
function, of micrometer readings. Two corrections must be applied to the 
readings to make them a true linear function of the differences in refrac¬ 
tive index. These have been treated fully by Adams (1), Barth (2), and 
others. Crist, Murphy, and Urey (5) have noted recently that in some 
instruments errors may be introduced, owing to imperfections in the com¬ 
pensator plate mechanism. The substances (liquids or gases) to be com¬ 
pared are placed in the two troughs of a chamber fitted with glass end- 
plates, and the chamber is then inserted in the instrument so that the two 
beams of light pass each through one of its troughs. 

The instrument used in this investigation was a Zeiss portable liquid 
interferometer. 

Ordinarily it is advisable that the reaction be allowed to proceed in the 
chamber rather than that the instrument be used for analysis of samples of 
the reaction solution at suitable times. This is largely a matter of con¬ 
venience, but uncertainties, which are better avoided, are introduced by 
the large amount of manipulation required by the latter method. 

PREPARATION OP SOLUTIONS 

The following discussion is restricted to reactions in the liquid phase. 
In the simplest case the reaction mixture is obtained by mixing equal 
amounts of two solutions, A and B, each containing one of the reactants. 
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their concentrations being, of course, double those desired in the experi¬ 
ment. In addition a third solution, C, is prepared of some inert substance 
such as potassium chloride, which will not react with anything present in 
solution B. The concentration of C is such that when diluted by half it 
will give a zero reading in the interferometer when compared to solution A 
when the latter is diluted by half.^ Then equal amounts of C and B, pre¬ 
viously brought to thermostat temperature, are placed in one chamber; 
equal amounts of A and B are mixed, the time of mixing being taken as the 
zero time of the reaction, and are placed in the other chamber. As a 
consequence of the manner of preparation of the solutions, the readings at 
zero time should approximate the zero of the instrument. If the kinetic 
picture is simple, this may be shown to be true by extrapolating the read¬ 
ings to zero time. If, however, there is a rapid preceding reaction, the ex¬ 
trapolation to zero time will give a reading which differs from the zero of 
the instrument by the change in refractive index of that reaction. Using 
this method it is possible then to establish with a fairly high degree of 
certainty^ the existence or non-existence of preceding reactions. In a 
similar manner, by using in the reference solution a substance thought to 
be a product of the reaction, the high probability that it is or is not a 
product may be established. 

Szego (19), in investigating the oxidation of nitric oxide to nitrogen 
dioxide, ingeniously took advantage of the fact that there is a change of 
refractive index in the oxidation, but none in the reaction of nitrogen diox¬ 
ide to give nitrogen tetroxide. Consequently, with the interferometer he 
could follow the oxidation without regard for the existence of the following 
equilibrium. A few other applications will suggest themselves. 

After such information on stoichiometry has been obtained, much less 
care need be taken with the reference solution; it is better, however, to 
have the readings during a run on the lower part of the scale, so that the 
corrections will be small and the high differences in dispersion accompany¬ 
ing high differences in refractive index will be minimized. 

REDUCTION OF OBSERVATIONS 

The problem of the reduction of observations for first-order reactions 
has been treated satisfactorily by Guggenheim (8). In the method de¬ 
scribed by him a series of readings vi Vn are made at 

2 The comparison of C and A must be made after dilution because of the shifting 
of the achromatic fringe, owing to the almost inevitable difference in dispersion of 
the two solutions. If the differences in dispersion are too large, the fringes will 
disappear (cf. Hirsch (9)). 

* This degree of certainty is dependent upon the extent to which reactions are 
accompanied by changes of refractive index. We have experience only with nitrile, 
amide, ester, and diacetone alcohol hydrolysis, and with acid ionization (shift of 
equilibrium in buffers). The change of refractive index is of the same order of mag¬ 
nitude in each of these. 



204 


DANIEL S. LtJTEN, JR. 


times <1 . . . /t . . . and another series v[ . . . at 

times <1 -f r . . . /i 4 - T . • . + r. Then from the equation 

kti = 2.303 log 10 (Vi — Vi) + constant (7) 

the velocity constant may be obtained. Guggenheim obtained the con¬ 
stant by plotting log (v' — v) against t, but that is entirely incidental to 
the method. The constant may be obtained by any of four standard 
methods, viz., by plotting, by a method of averaging, by an unweighted 
least squares solution, or by a weighted least squares solution. The ad¬ 
vantage of Guggcnhcim^s method is that each reading is used once and 
once only; every point on a graph and every value in a calculation is in¬ 
dependent of all other points or values. It is reasonable then to apply 
sophisticated methods of analysis to the data. 

Reed and Theriault (13) have criticized Guggenheim's treatment on 
the grounds that, since the weights theoretically to be assigned to the 
points diminish as the reaction progresses, no treatment which neglects 
this factor can yield better than very approximate results. The statement 
implies that the graphical reduction of data is essential to the method, and 
that is not true. 

Reed and Theriault (14) conclude a paper on the least squares treatment 
of first-order reactions with the rather extreme statement that, . . . 
the least squares treatment should be used whenever the velocity constant 
is to be determined within an allowable error of, say 5 per cent." 

It is a fact not very generally recognized that whenever a very consider¬ 
able body of data is at hand, almost any reasonable method of reducing 
that data to a final result will yield a result very close to the best value 
obtainable from a theoretically perfect least squares solution. A pre¬ 
liminary demonstration of the truth of this statement may be given by 
calculating velocity constants from the sample data given by Guggenheim. 
There are two sets of data taken during a single run, with twenty pairs of 
points in each. The constants are calculated by the four formulas given 
below, and the constants obtained are given in the right-hand columns: 


ft (X 0.4342X 103) 


(1) Graphically (by Guggenheim): 

6.54 6,56 

0.4342fc^- + log {v[ — Vt) == Const. 

(8) 

(2) Method of averages 

6.558 6.566 


n/2 n 

2 log {v\ - Vi) - log (t>,' - Vi) 
0.m2k - - -1-- (9) 

Zu- E ti 

I n/2-l-l 
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(3) Unweighted least squares: 


6.565 6.568 


<<log (v'i - »,) - S S log (t>' - V,) 

0.4342fe-i^- (10) 

(4) Weighted least squares: 6.556 6.565 


0.43421: = - 


- t>.)Mog(i;' - ti,)J 

- - i’.)“-log(i>' - t>,)j 

X)(j;' - - v,y-t\ - ^(t)' - »)<)''•1,1 

1 1 L 1 J 


( 11 ) 


It is fairly obvious that the graphical method is not sensitive enough to do 
full justice to the data, but the uncertainty introduced by using any of 
the first three methods as alternatives for the weighted least squares is of 
an order of magnitude far less than 5 per cent. 

While with accurate data it is thus apparent that the uncertainty intro¬ 
duced by using a less exact method of calculation may be reduced to a 
small quantity, there is yet no indication of the relationship between that 
uncertainty and the probable error which arises from accidental errors in 
the data. To shed light on this point four identical runs were made at low 
concentrations (0.005 N) to insure large probable errors in the results, 
which are given in table 2. The data are admittedly not sufficiently ample 
to be entirely convincing, but the indications are clear. The weighted least 
squares result is to be taken as the standard with which the other three 
are to be compared. The graphical method appears to be the least re¬ 
liable, since it gives the largest deviations from the weighted least squares 
solutions. The solutions by averages and the unweighted least squares 
solutions give results which are of about the same reliability; since the 
latter method is somewhat more laborious, we shall discard it in favor of 
the method of averages. The differences between the constants obtained 
by averaging and those obtained by weighted least squares are all less than 
the probable error in the latter constants, averaging about two-thirds of 
the probable error. 

The principle that the uncertainties introduced by calculations must be 
negligibly small in comparison with the experimental error, is indisputably 
sound in the common situation where the calculations form the lesser part 
of the investigation. There is, on the other hand, practical justification 
for using a less precise method of calculation in those situations where the 
time required for a least squares solution would be a major fraction of the 
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total time required for the work. In rate investigations there is a place 
for each of the methods with the exception of the third. The graphical 
method is the best when there are trends toward the end of the experiment 
due to complications such as often appear in organic reactions. These are 
usually of such an involved nature, or are so incompletely understood, 
that they may not be treated exactly, but the observer is, none the less, 
perfectly justified in giving less weight to points obtained after the appear¬ 
ance of the trend. On the other hand, if there are no systematic trends, 
if a fairly large amount of data can be obtained in each run, and if there 
are a large number of runs to be handled, then the method of averages is 
the most satisfactory solution. If the quantity of data is comparatively 
small and is characterized by a relatively high probable error, then the 
fourth method will give best results. Furthermore, if the data are known 


TABLE 2 

Bale constants for runs calculated by four methods 


RUN NO 

RATE CONSTANTS 

1 

Graphical 

2 

Averages 

3 

Unweighted 
least squares 

4 

Weighted 
least squares 

1. 

0.03823 

0.03809 

0.03805 

0 03853 


±0.00067 

±0.00069 

±0.00066 

±0.00056 

2 . 

0.03959 

0.03973 

0 04007 

0.03982 

3. 

0 04003 

0.03924 

0.03853 

0 03878 

4. 

0.03894 

0.03779 

0.03735 

0 03802 

Mean. 

0.03927 

0.03868 

0.03841 

0.03885 


Probable errors determined for eauh method by the external consistency of the 
four constants. 


to be characterized by certain simple constant errors of known type, then 
the method described by Heed and Theriault finds its application. 

In the interests of greater accuracy two cautions are to be observed. 
The time between the two readings of each pair should be equal to two or 
three half-times of the reaction. Roseveare (15) has shown that the rate 
constant is most accurately determined from two points, if the second 
occurs at two-thirds completion of the reaction. Accordingly, it is well 
to plan a concentration of points at the beginning of the reaction and 
another concentration near two-thirds completion. 

Higher order reactions must still be treated by the methods developed 
for ordinary chemical analysis, which are apt to be, with this instrument 
and the dilatometer, incapable of srielding very reliable results. Rose¬ 
veare has given an equation which eliminates the necessity of ob taining the 
infinite time reading directly for the bimolecular reaction, where daj/df = 
k(a — x)K 
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BELIABIUTT OF THE INTERFEBOMETEB 

Returning to an examination of the data given in table 2, and adding 
the data from which the constants in run No. 1 (see table 3) were ob¬ 
tained, we find evidence that the systematic errors introduced by the in¬ 
terferometer are very small. 

If a number of readings be made with the interferometer chambers 
empty, the probable error of a single reading, determined from the degree 
of consistency of the readings, is on our instrument about 0.2 division. In 

TABLE 3 


Resulli obtained in run No. 1 
k - 0.03809 


t 

9 



V* — V 

~ 9 (oalcd.) 

IISSIDUALS 

minutes 

3 

106.8 

63 

133.2 

26.4 

26.0 

0.4 

4 

108.3 

64 

133.4 

25 1 

25.0 

0.1 

5 

109.3 

65 

133.7 

24 4 

24 2 

0.2 

6 

110 5 

66 

133.9 

23.4 

23.2 

0 2 

7 

111.7 

67 

134.0 

22.3 

22.4 

0 1 

8 

112.9 

68 

134 3 

21 4 

21.5 

0 1 

9 

114.0 

69 

134 3 

20 3 

20.7 

0 4 

10 

114.5 

70 

134.6 

20.1 

19 9 

0 2 

11 

115.6 

71 

134 5 

18.9 

19 2 

0 3 

12 

116.1 

72 

134.6 

18.5 

18.4 

0 1 

13 

117.1 

73 

135 0 

17 9 

17.8 

0.1 

14 

117.8 

74 

! 134.9 

17.1 

17.1 

0 

15 

118,6 

75 

135 0 

16.4 

16.5 

0.1 

16 

119.6 

76 

135.0 

15.4 

15.9 

0.5 

17 

120.0 

77 

135.2 

15 2 

15.2 

0 

18 

120.8 

78 

135.2 

14.4 

14.7 

0.3 

19 

121.0 

79 

! 135,2 

14.2 

14.1 

0.1 

20 

121.2 

80 

135.1 

13.9 

13.6 

0.3 

21 

122.0 

81 

135.4 

13.4 

13.1 

0.3 

22 

122.5 

82 

135.3 

12.8 

12 6 

0.2 


run No. 1 the probable error in (a' — v) is 0.18 division as determined by 
the internal consistency of all the readings, that is, by the formula 

r = 0.6745 a/S! (12) 

where Wi is the residual {vi — vi) ob.d. — (»/ — p<) o,iod. The readings p/ 
were each taken three times; assigning them a proper weight, the law of 
propagation of errors gives the probable error in p< equal to 0.16. The 
agreement between this value and the one obtained from direct readings 
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indicates that the first-order rate equation is satisfactory. The probable 
error in the velocity constant, arising from this probable error in is 
found to be 0.00046. The probable error in the constant obtained from 
the external consistency of the four runs is 0.00059. Birge (3), in his treat¬ 
ment of the problem of internal and external consistencies, has shown for 
the case where there are four functions being compared, that owing to 
statistical fluctuations, the ratio of probable error from external consist¬ 
ency to that from internal consistency should be 1.24. It is in the case 
given above, fortuitously, 1.28. A much less close agreement would still 
be a strong indication that there are no systematic errors, which vary 
only from run to run.^ 


TEMPERATURE CONTROL 

The commercial instrument is very inconveniently thermostated. 
Fairly satisfactory results were obtained within five or ten degrees of room 
temperature by pumping distilled water through 30 ft. of copper tubing in a 
thermostat, and then through the reservoir which surrounds the chamber 
containing the solutions. By making heavy brass cover plates for the 
chamber, of the type described by Cohen and Bruins, but hollow so that 
water could be drawn through them, the temperature regulation was made 
very satisfactory within ten degrees of room temperature and reasonably 
so within fifteen. The diflSculties arising are due not to temperature varia¬ 
tions which affect the rates of the reactions, but rather to much smaller 
inhomogeneities of temperatures, both in the reacting solution and in the 
surrounding bath, which affect the refractive indices enough to make the 
fringes very unsteady. A thermostat controlling the temperature to 
0.01®C. should be satisfactory provided there are no sudden changes of 

* Since the above was written it has been found that the instrumental defect 
described by Crist, Murphy, and Urey (5) is more common than might have been 
suspected. Results as consistent as those given above cannot be obtained from an 
instrument having an appreciable error of the type described. This error appears 
when the tip of the micrometer screw is not in the axis of the screw. A deviation of 
0.05 mm. is sufficient to produce the results described by Crist, Murphy, and Urey. 
The error is periodic, going through a cycle in one complete turn of the micrometer 
screw. It disappears when the lever arm on which the screw acts is perpendicular to 
the screw. It was under these special conditions that the runs described above were 
made. 

Crist, Murphy, and Urey calibrated their instrument by measuring each fringe 
throughout the whole scale. Adopting different tactics, we removed the micrometer 
screw from our instrument and reground the tip so as to center it. This can be done 
only on a very good lathe. After this treatment no regular periodicity could be 
found. 

If this correction is not made, systematic errors as large as 2 per cent may appear 
in the rate constants when the concentrations are as low as t^ose described above. 
At higher concentrations the errors become much less important. 
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temperature within it amounting to more than 0.002°C. It is not possible 
with the present design of the instrument to obtain temperature coefficients 
over a wide range of temperature. 

If the heat of the reaction is large, the temperature of the reacting solu¬ 
tion may rise slightly above that of the thermostat and the reference solu¬ 
tion; this results in a very easily perceptible change of refractive index. 
From the nature of the relations involved it appears that the temperature 
difference reaches a maximum in a very few minutes, but is dissipated 
slowly, and exists as a potential source of error throughout three-quarters 
of the life of the reaction. For first-order reactions this potentiality dis¬ 
appears when we examine the situation more closely. 

The temperature difference is given by the equation 

which is the solution of the differential equation, 


dr 

di 


= ^K{T To) - 


A// M 
1000 d^ 


(14) 


k is the velocity constant, K the Newton^s law of cooling constant, All 
the heat of reaction in calories per mole, and Ao the initial concentration 
of the reactant. We may set the observed reading at any time equal to 
the correct reading at that time plus the difference due to the temperature 
difference, so that 

Vi ^ Vi + Xi (15) 

Xi is directly proportional to the change in refractive index due to the 
temperature disturbance and so is directly proportional to the tempera¬ 
ture difference. Therefore we may say in any given case that 

T. = Cl (e-*‘ - (16) 

Now the exponential form of the first-order rate equation is 

(F. - VJ = (Fo - VJ «-*'• (17) 

Eliminating Xx and Vx from equations 15, 16, and 17, we have, x being zero 
at both zero and infinite time, 

(t>.- - vJ = ivo-v^- Cl) + Cl (18) 

As soon as the second exponential term becomes negligible with respect 
to the first, the temperature difference will have no influence on the rate 
constant. In a plot of log («,• — O against time the observed result 
would be that the j/-intercept would be log (»o — — Ci) rather than log 
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(t>to — 0> while the slope would be unchanged. In a particular case at 
hand AH was about 18,000 cal., k was 0.0201 min.~S K for the interferom¬ 
eter chamber (all the metal chambers should give about the same value) 
was roughly 0.86 min.^S and Ao was 0.05 N. The maximum temperature 
difference should be 0.019°C., occurring at 4.61 minutes. At that time 
the second exponential term is nearly negligible, and by eight minutes it 
is completely so. The temperature difference does not fall to the point 
where its effect on the refractive index is negligible for over two hours. In 
two runs where the first point was at fifteen minutes, there were no trends; 
in a third where the first point was at three minutes, there was a very defi¬ 
nite trend, and the rate constant was two or three per cent lower. 

For higher order reactions the same situation may be found; the matter 
has not been investigated, and there is no certainty that such is the case. 

After several of the chambers had been used for some time, baffling 
irregularities began to appear in the results. It was finally found that the 
cement holding the end-plates in place had been partially dissolved away 
and the chambers had developed small leaks which resulted in a slow 
change of the refractive index of the solution. This is undoubtedly the 
source of the drift which was attributed by Stewart and Kung (18), in 
their use of the method, to unequal evaporation from the two chambers. 

A COMPARISON OF THE MERITS OF THE DILATOMETER AND THE 
INTERFEROMETER 

In its present design the interferometer is less flexible than the dila- 
tometer; it can not be used over a wide range of temperatures; certain 
waxed joints must be protected if non-aqueous solvents are to be used; it is 
probably not applicable to reactions which are highly photosensitive 
throughout the range of visible light. Moreover the instrument is expen¬ 
sive. On the other hand the interferometer will normally handle faster 
reactions; it requires less care in thermostating; and when calibrated inter¬ 
ferometers are available (in use for ordinary analytical work) results may 
be obtained with a minimum of effort. If only small amounts of reagents 
or solvents are available, experiments may be made in favorable cases with 
as little as 0.06 cc. of solution. It is difficult to compare the sensitivities of 
the two methods, since the practical consideration of temperature control 
constitutes the main restriction to the extension of the sensitivity of the 
dilatometer. Finally, as noted above, with the interferometer the pres¬ 
ence or absence of rapid preceding reactions or of equilibria may be demon¬ 
strated with high probability. 


SUMMARY 

1. The quantitative relations between change of density and change of 
refractive index during reactions have been derived. It has been shown 
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that the change of refractive index is as reliable a measure of the progress 
of a reaction as is the change in density. 

2. Practical methods for the application of the Rayleigh interferometer 
to rate measurements have been described. 

3. It has been shown that the interferometer can be of value in the in¬ 
vestigation of the stoichiometry of a reaction. 

4. The reduction of observations has been discussed in some detail. 
Guggenheim^s method is recommended for first-order reactions, and the 
method of averages is found to be the most convenient and, in general, a 
sound and thoroughly reasonable means of obtaining velocity constants. 
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The use of the viscometer for testing the purity of honey was introduced 
in 1911 by Fellenbei^ (4), who tested honeys mixed with water in an Ost- 
wald viscometer. Eisenschitz (3) has shown that honey mixed with water 
behaves as a normal viscous liquid. It is known, however, that some un¬ 
diluted honeys, even when not granulated, show abnormal viscous be¬ 
havior (6), and de Boer and Kniphorst (1) have shown that stirred heather 
honey (from Calluna vulgaris) increases its viscosity gradually on standing. 
The rate at which this rise in viscosity takes place depends on the tempera¬ 
ture, passing through a minimum at about 15“C., but even at this tempera¬ 
ture, the viscosity (as measured by the time of outflow per gram from a 
Holde viscometer)* increases by many fold within twenty-four hours. 
On stirring, the viscosity returns to somewhere near its original value. 
This phenomenon is described by de Boer and Kniphorst as “thixotropy,” 
but since it is not known how far this is really similar to the reversible sol- 
gel transformations to which the term thixotropy was originally applied, 
it is of interest to investigate further the viscous and rigid properties of the 
sol and gel forms. No information seems to be available, for example, as 
to whether the stirred honey is a true fluid, which on standing sets into a 
rigid gel; whether the setting is caused by a rise in viscosity only; or 
whether both sol and gel forms show rigid properties. Moreover, the 
phenomenon has a practical interest, since heather honey, by reason of its 
gelatinous character, holds its water in a different way from other honeys. 
Ordinary honey containing more than about 20 per cent of water (due to 
either immaturity or dilution) tends to ferment, whereas heather honey, 
sincesome of its water is held in an immobilized condition, does not do so 
until a considerably higher moisture content is reached. The term 
“heather honey” is used to describe any honey derived largely from the 
nectar of Calluna vulgaris, Erica cinerea,^ and allied species. However, in 
many cases heather honeys are not obtained from a pure heather source, 

‘ For a deecription of this instrument see Lunge-Berl Chemische Technologische 
Untersuchungen, 7th edition, Vol. Ill, p. 461. 

• Added January, 1935: It now appears probable that honeys derived from Erica 
alone are not thixotropic. 
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samples showing a range of properties between those of a honey obtained 
entirely from heather on the one hand, and of an ordinary non-thixotropio 
honey on the other. A method of assessing the extent to which a given 
sample showed the gelatinous and thixotropic properties of a heather honey 
would be of value in deciding whether an apparently excessive moisture 
content would be likely to lead to subsequent spoiling due to fermentation. 

THE OEL FORM 

To investigate the properties of the gel form, a ball viscometer was used. 
As a preliminary experiment, in view of the fact that only comparatively 
small samples were available, and that viscometer vessels could not, there¬ 
fore, be very large compared with the size of the balls, the effect of wall- 
correction on the viscosity measurements on a normal liquid (Lyle’s 
Gk>lden Syrup) was tested. 


TABLE 1 


Bote of faU of balta through Lyle's Golden Syrup 


DlAklXTBB OF BALL 

TIMB 

VBLOCITT 

dxambtbbs 

tnehe* 

teconds 

arbitrary unit* 

1/2 

34.5 

0.116 

6/16 

52.3 

0.194 

1/4 

65.0 

0.247 

7/32 

81.5 

0.256 

3/16 

98.5 

0.291 

6/32 

126.2 

0.329 

1/8 

1 175.0 

0 356 


A Nessler tube of internal diameter 3.1 cm., having marks etched at a 
distance of 6 cm. apart, was filled with syrup, and left to stand overnight. 
On the following morning, a number of steel balls were dropped through 
the liquid, the time in seconds taken to fall between the marks being 
recorded. 

The balls are not small compared with the size of the tube, and the re¬ 
sults given in table 1 show that the rate of fall is by no means proportional 
to the square of the diameter of the ball. 

Although various corrections have been proposed to allow for such errors 
(5), it seemed more satisfactory to eliminate differences in the error by 
using two balls of different size, falling in vessels whose diameters bear an 
approximately constant ratio to the diameters of the balls.* 

For this purpose, two glass cylinders were chosen,^ A having a diameter 
of 3.4 cm., and B a diameter of 4.8 cm. Into A were dropped balls of 

* I am indebted to Dr. B. K. Schofield for suggesting this arrangement. 
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diameter 0.80 cm.(^ in.), and into B balls of diameter 1.11 cm. in.). 
For a true fluid, in which the viscosity is independent of shearing stress, 
the times taken for the balls to fall between the marks (5 cm. apart in 
each case) should bear a ratio equal to the ratio of the squares of their 
diameters.^ Moreover, for a true fluid, the rate of the fall should be un¬ 
affected by stirring. 

As a first experiment, balls were timed to fall through a sample of Lyle’s 
Golden Syrup (a different sample from that used in the earlier experiment). 
Immediately after the test, a perforated metal disk was forced twice up 
and down through the syrup so as to cause a thorough stirring, and the 
test was repeated. 

The test was repeated exactly with a sample of heather honey which had 
been left in the viscometer vessels overnight. It is clear from table 2 
that whereas syrup has a viscosity which is reasonably independent of 


TABLE 2 

Viscosity of Lyle’s Golden Syrup and heather honey 


1 

FLUID 

VELOCITY IN CM. PBB 
SECOND 

VELOCITY /JO* 

A 

B 

A i 

B 

Lyle’s Golden Syrup 





Before stirring. 

0.108 

0 217 

0 171 

0 176 

Alter stirring. 

0.110 

0 216 

0 175 

0 176 

Heather honey 





Before stirring. 

0 0475 

0 137 

0 076 

0.112 

After stirring ... 

0 395 

0 770 

0 625 

0 625 


Two heather honeys were used in these experiments, designated X and Y. The 
experiments were performed at room temperature, 15®C. 


both stress and stirring, heather honey shows a variable viscosity in its 
unstirred state, and that its viscosity falls enormously after stirring. 

* As a first approximation, to account for the effect of the walls of the containing 
tube (which is assumed to be infinitely long) Ladenburg (Ann. Physik 22, 287 (1907)) 
has proposed the introduction of a term into the denominator of the Stokes equa¬ 
tion, which then reads: 

„ « (p - p') 9 
^ 9i-(H-Ar//?) 

where r is the radius of the sphere 
R is the radius of the tube 
P is the density of the sphere 
p' is the density of the medium 
V is the velocity of the fall 
ri is the viscosity, and 
A is a pure number. 

Since the correction term (1 -f- Ar/R) does not involve viscosity, the times of 
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To find whether this “gel” shows any marked yield value (i.e., whether 
the viscosity becomes practically inj^te for very small stresses (cf. 
Scott Blair (9)), a very small ball (diameter i in.) was placed just below the 
surface of a sample of heather honey (Y). After some hours, it was clear 
that the ball had fallen appreciably; thus, although the viscosity is very 
high for such small stresses, it is unlikely that there is any sharp yield value 
for the gel. 


THE SOL FORM 

To find out whether the thoroughly stirred honey (the sol) behaves as 
a true fluid,'’ a sample of Y was stirred in the manner described above, and 
tested in the Rothamsted plastometer. This instrument has already been 
described (2, 8), and it will sufiice to say that in it the material is forced 
by compressed air through a capillary tube of known dimensions under 
varsring pressures, the amount of flow per second being recorded for each 
pressure. The plastometer thermostat was set first at 15“C., and, for a 
second experiment at SO^C. At the latter temperature, two different 
capillary tubes having radii of 0.088 cm. (No. II) and 0.048 cm. (No. 
IV) were used. Both tubes were 12.25 cm. in length. 

By plotting stress* {PR/2L) against velocity gradient (4F/ir 12*), curves 
are obtained which should be independent of the capillary dimensions, 
provided that: (1) each element of the material moves in a straight line 
parallel to the tube walls; (2) the material in contact with the wall is at 
rest with respect to it; and (3) the velocity gradient has a unique value 
for each value of shearing stress (cf. Schofield (7)). For true fluids the 
curves are linear, and pass through the origin. 

It has been shown (8) that for certain pastes, the second and third con¬ 
ditions above do not hold, owing to anomalous flow near the tube walls. 
Moreover many materials, although obeying these three conditions, show 
a decrease in viscosity as stress increases, giving either a curvilinear flow- 

fall for a given tube and sphere remain proportional to the viscosities. Moreover, 
since in the above experiment the ratio r/B is the same in both cases, it is true to 
say that in so far as Ladenburg’s approximations are applicable, the times of fall 
for the two balls will bear a ratio equal to the ratios of the squares of their diameters. 
Corrections due to the effect of the end of the tube (which cannot be regarded as 
anything like infinitely long in practice) are not large, and may be neglected for the 
purpose of the above experiments. 

For a further discussion on this subject see Hatschek’s Viscosity of Liquids, 
p. 33 (G. Bell and Sons, Ltd., London, 1928), and Barr’s Viscometry, p. 171 (Hum¬ 
phrey Milton, London, 1931). 

* Paine, Gertler, and Lothrop have already shown that certain (non-thixotropic) 
honeys show a slight fall in viscosity with increasing stress. A Bingham-Green 
plastometer was used. 

* F is the pressure, R is the tube radius, L is the tube length, and V is the flow in 
cubic centimeters per second. 
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curve, or a curve which, although straight at high stresses, does not extra¬ 
polate to the origin (6). 

It is clear from figure 1 that the sample of stirred heather honey (sol) 
shows no appreciable anomaly of the tot type, but that, although ap¬ 
proximating closely to a true fluid (especially at 30°C.), there is a small 
but significant tendency for viscosity to rise at low stresses (though this 
is not great enough to be observed in the experiment shown in table 2). 

There is no evidence of a sharp yield value. 

50 
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0 4 8 12 16 20 21 

STRESS IN DYNES ?ER till? 

Fig. 1. Flow Curves fob Heather Honey 
© Cspillary II, 30®C. A Capillary IV, 30“C. 0 Capillary II, 15'C. 

At SO^C. sample Y shows a viscosity at high stresses of about 37 c.o.s. 
units, and at 15°C. of approximately 300 c.o.s., though at 15°C. it is not 
certain that all thixotropic structure was really destroyed by shearing. 
Such a high viscosity brings the experiment rather near the limits of 
applicability of the plastometcr. 

DISCUSSION 

Heather honey “gel” shows “rigid” properties in the sense that at low 
stresses, rapidly applied, the viscosity of the system is so high that it may 
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be said to behave as an elastic solid, but there is no ixiarked yield value— 
i.e., the elastic limit is not sharp. The change which takes place when the 
gel is broken up by stirring is a continuous one, involving a fall in viscosity 
and an increasing approximation to a truly fluid condition, but even a 
vigorously stirred sample shows signs of viscosity increase at very small 
stresses. The data are not adequate to specify just how sharp this change 
in viscosity may be, but there is certainly no well-defined yield value. A 
semiquantitative measure of thixotropy may be obtained by timing the 
fall of a steel ball through a sample of honey which has been left to stand 
overnight, disintegrating the gel by stirring with a perforated metal disk, 
and then immediately timing a second ball of the same size. Under fixed 
conditions, the ratios of the times of fall for heather honey before and after 
stirring show values of from about 5 to 200,^ as compared with unity for 
Golden Syrup, and approximately unity for ordinary clover honey. If 
standardized conditions of temperature, size of vessel and balls, etc., are 
used, this should prove a useful test for deciding whether a sample is to 
be rejected on account of high moisture content, which in a normal honey 
would be an indication of “unripeness” and might lead to its subsequent 
spoiling by fermentation, or whether it is to be excused on the ground of 
its heather origin. 


SUMMARY 

Experiments are described on the behavior of heather honey under 
shearing, both in its undisturbed (“gel”) and stirred (“sol”) forms. In 
both cases, the viscosity increased at low stresses, but in neither case was 
there found any sharp elastic limit (yield value). The sol form showed 
(considering its very high viscosity) only a very small deviation from 
truly fluid behavior. 

A simple viscometric test is described to characterize honeys having 
thixotropic properties. This test should prove of use in deciding whether 
excess water in a honey is caused by unripeness, or is natural, owing to its 
heather origin. 

The author is indebted to Mr. D. A. Morland of the Apiculture Section 
of the Entomology Department of the Rothamsted Experimental Station 
for bringing to his notice the need for this investigation, and for advising 
him in the selection and description of the honeys tested. 
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In reaction between two phases, two factors a priori determine the over¬ 
all measured rate of reaction. The first is the rate of chemical reaction at 
the interface; the second is the rate of transport of reactant, or product of 
reaction, to or from the interface. For heterogeneous reaction in which 
one or both phases are fluid, the transport takes place between the inter¬ 
face and the point of measurement. 

In the present work, dealing with the fluid-fluid or fluid-solid hetero¬ 
geneous reaction, a quantitative relationship is derived for the measured 
rate as a function of the chemical reaction rate and rate of physical trans¬ 
port. No arbitrary postulates as to mechanism are made. The results 
follow in the first place from a solution of the diffusion equation with 
chemical reaction at the interface constituting one of the boundary condi¬ 
tions. In the second place, diffusion as a mode of transport is generalized 
to include transport due to stirring or other type of agitation. 

THE NERNST THEORY 

In 1904, Nernst (21, 2) proposed a theory of heterogeneous reaction 
which has been referred to widely. In this theory certain assumptions 
are made as to the chemical and physical factors of the liquid-solid hetero¬ 
geneous reaction. On the chemical side, reaction is supposed to be in¬ 
finitely rapid, owing to an ‘‘infinite force'' at the boundary. On the physi¬ 
cal side, a stationary liquid film is supposed to exist through which diffusion 
into the main body of the stirred liquid takes place. For the solution of a 
solid, or for reaction between a solid and a solution, the adhering film at 
moderate rates of stirring is calculated to be 20 to 50 microns thick (2, 29). 
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subject to copyright. 
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Regarding the chemical aspect of the Nemst theory, there is no reason 
for supposing that the rate of heterogeneous chemical reaction is ^^infinite.’^ 
In other words, not all collisions of the reacting molecules will be expected 
to be fruitful; rather, an activation energy should be required, as for homo¬ 
geneous reaction. In many cases, no doubt the second phase will exert a 
catalytic effect on the rate, but our knowledge of heterogeneous catalysis 
leads us to expect that a catalytic effect of the second phase, if and when 
it exists, would hardly be complete. 

Regarding the physical aspect of the Nernst theory, experimental evi¬ 
dence strongly contradicts the possible existence of a stationary film. 
Contrasted with the Nernst film of 20 to 50 microns thickness, microscopic 
observation indicates a thickness of any possible film of less than OAn 
(26); solution of a fine sediment indicates the possibility as less than 0.2 )li 

(23) ; flow through capillaries less than 0.03/^ (3) ; reaction in the presence 
of a monomolecular fatty acid less than 0.0025/i, or 25A.U. (20) ; while ul- 
tramicroscopic examination of water flowing slowly in pipes shows that, 
though the flow is axial, motion in all three directions persists right up to 
the surface (10). 

The evidence of sedimentation may be considered in some detail. It 
has been found (23) that the volume of a coarse sediment consisting of 
100-micron particles is the same before as after centrifuging, and equal 
approximately to the value common to all particle sizes after centrifuging. 
The coarse particles in the normally settled state are therefore densely 
packed and touching. The force necessary to displace completely any 
possible aqueous film surrounding the particles is merely that of gravity 
acting on a 100-micron particle, or a compressive force of 20 dynes per 
square centimeter for a particle of density 3. However, with water stirred 
at the moderate linear rate of 50 cm. per second, the forces are much 
greater. The tangential shearing stress tending to displace any possible 
film of, say, 25 microns thickness, is ten times as great, or 200 dynes per 
square centimeter. If the flow is directed toward the surface of the solid, 
the compressive stress is two hundred and fifty times as great, or 5000 
dynes per square centimeter. Therefore it is impossible that a stationary 
film could exist in the presence of the forces evoked by ordinary stirring, a 
result that agrees with the other evidence already cited. 

In most liquid-phase heterogeneous reactions the chemical effect is 
obscured, though only superficially, by conditions of physical transport. 
However, in many cases the chemical effect predominates, as shown in the 
following results: (a) The non-dependence of rate of reaction on rate of 
stirring, as for rate of solution of glass in alkali (25), of metals in acid (5), 
of olefins in sulfuric acid (9), of mineral sulfides in dilute sulfuric acid 

(24) , of crystallization from supersaturated solution (19), of hydrolysis 
and saponification (11); (b) the frequent wide difference in rate of solution 
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of certain of the crystalline faces of the self-same substance (22, 30); (c) 
a temperature coefficient appreciably greater than that for diffusion (1, 5, 
18). The Nemst theory, which concentrates all attention on a hypotheti¬ 
cal and apparently non-existent film, naturally has no explanation for these 
results. 

On the contrary, these results and the more general facts of the hetero¬ 
geneous reaction are accounted for in the relationships to be derived, which 
are founded simply on known physical and chemical laws. 


RATE OF REACTION WITH TRANSPORT BY DIFFUSION 

Let a plane solid of area F react with a prism of quiescent solution^ of 
depth L, of area equal to that of the solid, and initial concentration Co. 
In the body of the solution, the ordinary diffusion relation (equation 1), 
in which D is the diffusion coefficient, is obeyed. 


dc d^c 


( 1 ) 


Out of all the molecules in solution, only those in the immediate neigh¬ 
borhood of the solid-fluid interface are in a position to make impact with 
the solid surface. For a gas, for instance, by kinetic theory out of all mole¬ 
cules which are three mean free paths distant from the interface, less than 
1 per cent will strike the surface on their next collision. For a solution, 
the reacting molecules probably will be confined to those within one or two 
molecular distances from the solid surface. For both gas and solution the 
number of impacts per second is proportional to concentration, c, in the 
neighborhood of the interface. The number of gram-moles, m, reacting 
per unit area per unit time is proportional to the number of impacts and 
is given by equation 2, in which fc is the specific reaction velocity constant. 


The rate at which dissolved molecules disappear by reaction at the solid 
surface equals the rate at which they diffuse from the neighborhood of the 
interface to the interface. Therefore, by definition of diffusion and by 
equation 2, 



(3) 


at a; = L. 

• With partial pressure replacing concentration, the same derivation applies to 
reaction between a gas and solid, or gas and solution, provided it is of the first ord^r. 
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At the surface of the solution, 


dx 


« 0 


(4) 


at a: = 0. 

The solution of equation 1 with the boundary conditions imposed by 
equations 3 and 4 and the condition that c = Co when < = 0 is analogous to 
the solution of the equation for the radiating sphere in the theory of heat 
conduction (12). The concentration at point x and time t is found to be 

D » o 

c — Co e~ If COB ^ X (. 5 ) 

1 

^ is given by equation 6 and Bm by equation 7. 

kL 

tan Pm • (6) 




4 sin 

20„ + sin 


(7) 


As a rule interest will be centered in the average concentration, £, 
throughout the solution. 8 is obtained by integrating equation 5 between 
0 and L, and dividing by L. There is thus obtained 



( 8 ) 


In equation 8 /3m is given by equation 6 as before. Bm is however now 
defined by equation 9 as follows: 


Bm 


4sin« 0m 

(20m + sin 20m) 0m 


(9) 


Having determined c against t, pm may be calculated by equations 8 and 
9. Knowing the chemical reaction velocity constant A:, which is the 
variable of interest, is then obtained from equation 6. 


NUMERICAL SOLUTION OP EQUATION 8 

To simplify the calculation by equations 8, 9, and 6 of the chemical 
velocity constant k, table 1 has been constructed. This gives the values 
of the first two terms in equation 8, 

B,e ‘ and B,e ‘ 

(also Pi and j8j), for values of kL/D from 0 to « and for JDf/L® up to 1.6. 
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It is seen from table 1 that for DtfL^ sufficiently great, the series of equa¬ 
tion 8 converges very rapidly. For ZW/L* = 0, the second term is at the 
most 11 per cent of the first, while the sum of the second and all remaining 
terms is at the most 22 per cent of the first. For Z)i/L“ = 0.1, these figures 
become respectively 1.8 per cent and probably less than 3.6 per cent, while 
for Z)</L* = 0.2, they become 0.4 per cent and probably less than 0.8 per 
cent, respectively. For an error smaller than 1 per cent, all terms but the 
first may therefore be neglected, provided Dt/L* ^ 0.2. 

Table 1 is made use of as follows. At a given value of DtjU, one pro¬ 
ceeds down the column to a value of 

file” (or + S,e" 

equal to the known value of d/co. The desired quantity kL/D is then ob¬ 
tained by reading across to the first column. For L one may substitute 
F/F, the ratio of volume of the vessel to surface area of the solid. In view 
of the fact that c is an average concentration, the same substitution appears 
possible when the vessel is non-prismatic. Knowing the diffusion coeffi¬ 
cient and depth of the vessel, h is readily obtained from the known value 
of kL/D, 


RELATION TO THE USUAL FIRST-ORDER EQUATION 

The course of most fluid-phase heterogeneous reactions, it has been 
found, is represented by the usual first-order reaction velocity equation. 
The equation is, for the case of reaction between a solid and solution, 




( 10 ) 


On integration equation 10 gives 


K 


2.303 7, C 


(ID 


In equation 11 X is the measured reaction velocity constant, V the 
volume of the vessel, and F the surface of the solid. 

Under the condition that all terms but the first may be neglected, that is 
for Dt/L^ ^ 0.2 for an error smaller than 1 per cent, equation 8 assumes 
the form of a first-order reaction velocity equation, and, with V/F substi¬ 
tuted for L, may be written 



2.303 7, S 
t F Blit 


5 ‘ ^ 


( 12 ) 


El in equation 12, as shown in the fourth column of table 1, is close to 
unity, especially for those values of kL/D that are themselves less than 
unity (which values it will be seen are of most interest). 
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With Bi assumed nearly equal to unity and Dt/IJ g 0.2, the right-hand 
sides of equations 11 and 12 are substantially equal. Therefore 





«1 



(13) 


Equation 13 is exact, subject to the stipulated conditions, which are 
easily satisfied. In this equation K, the measured velocity constant, is 
given indirectly as a function of k, the true chemical rate constant, D, the 
diffusion coefficient, and L (or V/F), the depth of the vessel. 

EXPLICIT SOLUTION FOR MEASURED VELOCITY CONSTANT 

in equation 13 is determined by equation 6. The latter is a trans¬ 
cendental expression which does not allow of explicit solution for In 
table 1 are given the indirectly solved values of jSi, which are seen to extend 
over a narrow range, for kL/D from 0 to «. 

It will be highly desirable (especially for the purpose of later generaliza¬ 
tion) that pi^ be expressed explicitly if possible, even though an approxima¬ 
tion be introduced thereby. From equation 6 it is seen that Pi^ is a func¬ 
tion of kL/D. In any substitution for Pi^, it is necessary that ft® be zero 
for kL/D zero, finite for kL/D infinite, and that there be numerical agree¬ 
ment at least over a certain range. It is proposed as meeting these condi¬ 
tions that ft® be set equal to (1 — When the substitution is made, 

equation 13 becomes 

K « D/L (1 - (14) 

Equation 14 is readily solved for the chemical rate constant ky giving 
]b « - 2.303 D/L log (1 - KL/D) (140 

According to equation 14, when k ^ D/Ly the measured rate constant 
K is determined by D/L. On the other hand when D/Ly K » ky or 
the measured rate constant is closely equal to the true chemical velocity 
constant. 

To test the validity of the functional substitution for jSi®, table 2 has 
been constructed comparing kL/D calculated from equation 14' with the 
correct value of kL/D obtained from table 1, for different assumed values 
of KL/Dy i.e. ft® by equation 13. It is seen that kL/D varies over an in¬ 
finite range, while the variation of KL/D is restricted to the narrow range 
0.0 to 2.44. Agreement in the exact values of kL/D and values calcu¬ 
lated from equation 14' are within 10 per cent for KL/D less than 0.4, 
and within 36 per cent for KL/D less than 0.75. KL/D between 0 and 
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0.75 covers about one-third the total range in values of KLID. How¬ 
ever KL/D l 3 ring in the low range of values is most significant, because 
it is in the low range that h plays an important rdle in determining the 
magnitude of K. With increase in KL/D, the effect of A: in determining 
the value of K becomes smaller and smaller compared to that of diffusion. 
Bearing this consideration in mind, the explicit approximation represented 
by equation 14 may be considered as fairly satisfactory. In the end, the 
approximation represented by equation 14 is intended not so much for 
pure diffusion as a mode of transport as for other modes of transport for 
which the validity appears to be more extended, as will shortly be dis¬ 
cussed. 


TABLE 2 

kL/D, exact and as determined by equation 14 ', against KL/D 


KLID 

khfD 

Exact 

Equation 14' 

0.00 

0.00 

0.00 

0.23 

0.25 

0.26 

0.43 

0.50 

0.55 

0.74 

1.00 

1.35 

1.00 

1 5 

oo 

2 44 

00 



BATE OF SOLUTION AND CRYSTALLIZATION 

Solution or crystallization differs from simple chemical reaction just 
considered in that molecules simultaneously condense at and are liberated 
from the solid surface. The mole rate of condensation at the interface is 
given by equation 2. The mole rate of liberation of molecules from the 
surface is determined by the equilibrium condition that it equal the rate 
of condensation from the saturated solution, or he,. The rate of solution 
or of crystallization at the interface is the difference between the rate of 
condensation and of liberation, and is given by 

l/F^-Mc.-c) (20 

01 


&t X m L. 

From this point the derivation is exactly analogous to that already con¬ 
sidered (c, — c merely replacing c as variable), and the same final expression 
for K is obtained (equation 14). 
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GENERALIZED EQUATION FOR MEASURED VELOCITY CONSTANT 

Transport of reactant or product of reaction will usually occur by modes 
independent of and in addition to diffusion. Concentration and convec¬ 
tion currents are frequent natural accompaniments of the diffusion process. 
Artificial transport is secured by mechanical stirring, agitation, etc. These 
various modes of transport usually are much more effective than is diffus- 
sion itself. Unless they are taken into account, any relationship between 
the measured and the true chemical velocity constant can be only of very 
limited scope. 

It is observed that D/Lin equation 14 has the dimensions of a velocity. 
It may be defined therefore as the rate of group molecule transport by 
molecular diffusion, i.e., as the coefficient of transport by diffusion. An 
obvious extension of equation 14 is to replace the diffusion coefficient of 
transport, D/L, as simply a special case, by a general coefficient of trans¬ 
port, S. Equation 14 for the measured rate constant then becomes 

iT « 5(1 - (15) 

By analogy with equation 14 it may be expected that the limit of validity 
of equation 15 will be determined by the value of K/S. How close K/S 
may approach to unity before the equation palpably fails can not be told 
beforehand, and is to be answered only by experiment. 

It may be noted at this point that with transport by mechanical stirring, 
the generalized equation held, within limit of error as seen belovr, practi¬ 
cally for all values of K/S that were encountered. Wliile an exact limit 
for K/S can not now be given, it appears that with transport by mechani¬ 
cal stirring the equation holds for K/S equal to 0.9 at least, and probably 
also for greater values. 

TRANSPORT BY MECHANICAL STIRRING 

In the measurement of liquid-phase heterogeneous reaction rate, the 
most common method of inducing molecule transport in the liquid is by 
mechanical stirring. The coefficient of transport obviously will increase 
with the rate of stirring. For fast reactions, which are determined by 
transport, Jablczynski (13) found that the rate varied approximately with 
the 0.85th power of the rate of stirring, while Van Name and Edgar (27) 
found the power to be 0.80. For the intermediate rates of solution and 
reaction considered below, the transport likewise is found to be proportional 
to the 0.8th power of the rate of stirring. Therefore, transport by diffusion 
being neglected against that effected by the stirring, the coefficient of 
transport S is given by 


S - 


(16) 
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where s is the rate of stirring in r.p.m., and A a constant which depends on 
experimental conditions and on the physical properties of the fluid, namely 
the viscosity and the density. 

The result for the exponent of s in equation 16 agrees with that found in 
heat transfer with fluid flow in pipes, where the transfer coefficient, as 
summarized by McAdams (17), varies with the 0.8th power of the rate of 
flow of fluid.'* 

It has been held (15, 16) that the rate of reaction varies with the first 
power of the rate of mechanical stirring. Although this result might ob¬ 
tain under exceptional stirring conditions, as in the combined gas-feed and 
mechanical stirring of Huber and Reid (11), it is contrary to the generally 
recognized result of an exponent less than unity. The occasional apparent 
linear dependence probably arises from the combination of inaccurate, in¬ 
sufficient, or non-uniform data with the fact that a plot of y = a:®*® shows 
but small curvature. 

King and Braverman (16), for instance, find that the rate of solution of 
a zinc specimen rotating axially in acetic acid becomes linear above a cer¬ 
tain speed and up to 5500 r.p.m. Nevertheless their plot for zinc and hy¬ 
drochloric acid shows continuous curvature throughout, and incidentally, 
as far as can be estimated from the plotted points, the plot for hydro¬ 
chloric acid appears to be fitted tolerably well by equation 17 below. If 
any linearity existed it should have applied to the faster reaction with 
hydrochloric acid, rather than to the reaction with acetic acid. It is to 
be concluded that the apparent linear result with acetic acid is due probably 
to the entrance of some secondary effect with increased high-speed stirring, 
such as heating, vibration, vortices, or some other disturbing factor not 
present under uniform conditions. 

Substituting, then, from equation 16 into equation 15, the following re¬ 
lationship connecting K and k with the rate of mechanical stirring is 
obtained; 

K « (17) 

An apparent exponent of less than 0.8, in accordance with equation 17, 
is due to the progressive influence of the chemical reaction velocity on the 
measured rate constant. For instance, Brunner (2) considered that the 
rate of solution of benzoic acid in water was proportional to the two-thirds 

♦ The film theory has also been widely carried over to heterogeneous heat transfer. 
Recently Kennard (14) has examined the atmosphere adjacent to a hot solid surface 
and found no evidence of any film. The case of heterogeneous heat transfer is 
analogous to that of heterogeneous chemical reaction, and the results obtained here 
apply also to heat transfer, K being redefined as the measured coefficient of heat 
transfer and k as the velocity constant of heat transfer at the interface. In view of 
an exponent of 0.8 for the fluid velocity, k would appear to be large against the coeffi¬ 
cient of physical transport. 
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power of the rate of stirring. However, it will be seen below that the ex¬ 
ponent for Brunner^s data is 0.8 as usual, but the rate of solution is slow 
enough to affect measurably the value of K and thus to result in an appar¬ 
ent exponent of less than 0.8. 


APPLICATION 

In heterogeneous as in homogeneous chemical reaction one is interested 
in the value of the chemical reaction velocity constant, fc. Separation of 
the physical and chemical factors that determine the measured constant K 
is secured in general by equation 15. 

When the transport is effected by mechanical stirring, equation 17 
applies. To determine /c, it merely is necessary to evaluate A by measure¬ 
ment of K at different stirring speeds. 

For the calculated value of k to be accurate, its contribution to the value 
of the measured constant K must be sufficiently great. In other words, K 
must be measured at sufficiently high stirring speeds. A criterion as to 
whether one is in a range of stirring speeds in which k exerts an appreciable 
influence on the magnitude of K is found in the ratio if/s®-®. If this ratio 
decreases suflSciently with increase in stirring speed, the range of speeds is 
then proper to an accurate determination of fc. 

EXAMPLES 

The oxidation of mercury by iodine in potassium iodide solution, meas¬ 
ured by Van Name and Edgar (27) at different stirring speeds up to 300 
R.P.M., is a reaction in which the decrease in the ratio /fobsd./s® * is so small 
that accurate determination of the true reaction constant k is not possible. 
The data for this reaction are given in table 3.® It is seen from column 3 
that the decrease in the ratio with decrease in stirring speed is less than 2 
per cent over the whole range of stirring speeds from 170 to 300 r.p.m. 

However, a large proportion of the reactions that have been reported 
in the literature show' a suflSciently rapid decrease of ifobsd./s®*® with in¬ 
crease in stirring speed to permit application of equation 17. Reactions 
for which accurate data are available are the following: (a) Benzoic acid 
in water (30), (b) oxygen in water (4), (c) magnesium in 1/8 M hydro¬ 
chloric acid (6), (d) thallium in 1I2 M nitric acid (8), (e) zinc in 0.02 M 
copper sulfate (7). These typical reactions are considered in tables 4 to 
8 inclusive. In column 2 of these tables is shown the decrease in ifobsd./«® * 
with increase in s. In the third and fourth columns are shown Jffobsd. and 
the value of K calculated by equation 17 for assigned values of k and A, 

* In all examples, the author^s value of the measured rate is recalculated where 
necessary so as to conform to the precise equation (II), or to its analogue, for ffobwi.* 
K and k are expressed in centimeters per minute. 
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For benzoic acid in water (table 4), the same value of k satisfies excellently 
the results of three different observers, though naturally the values of A 
differ for the different experimental conditions. The fifth column shows 
that there is no systematic deviation in the percentage difference between 
the calculated and observed values of K, the differences being positive and 
negative at random. 


TABLE 3 


Rate of oxidation of mercury by iodine in potassium iodide (S7) 


« XN R.P.M. 

■K^obsd. 


170 

0.574 

9.45 

210 

0,679 

9.45 

240 

0.759 

9.45 

300 

0.885 

1 9 30 


TABLE 4 


Rate of solution of benzoic acid in water 
k = 0.157 


< IN R.P.M. 

Kobsd X10» 

«o.« 

ITobsd 

-K'ealod. 

PBBCSNTAQB 

DIPFBRBNCB 

■IIIIIIIIIIIIIIIB 

3 


0.0052 

0.0035 

4-32 

53 


0.0270 


-29 

122 


0.0513 


-20 

204 


0.0943 


+14 

365 


0.1120 


+9 

470 

0.75 

0.1030 

0.1090 

-6 


A « 0 0011(1) 


100 


0.046 

0.042 

+8 

450 


0 088 

0.096 

-9 


A - 0.0065(2) 


144 

2.20 

0.118 

0.121 

-2.5 

202 

1.85 

0.131 

0.129 

+1 6 


The least accurate data are those for benzoic acid; this is reflected in the 
irregular decrease in jK^/s® ® for this reaction (table 4), contrary to that for 
the other reactions. The percentage difference averaged for all the experi¬ 
mental points for benzoic acid is ±13 per cent. The most accurate meas¬ 
urements appear to be those on the solution of zinc in copper sulfate (table 
8). The average percentage difference is only ±1.2 per cent. For all 
the reactions the average difference is ±6.2 per cent. 
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Table 9 summarizes the values of k and A for the reactions considered. 
It is seen that k varies between 0.078 and 2.80, or over a thirty-five-fold 
range. The variation of A, from 1.1 to 12.0 X 10“®, is more restricted. 

TABLE 5 


Bate of solution of oxygen in water (4) 
A; = 2 06; A » 0.00177 


a IN R.P.M. 

irob.d ^ jj, 

Aobad 

Aealod 

PBRCBNTAOB 

DIFFBRBNCB 

60 

1.82 

0 0480 

0 0462 

+3.7 

93 

1 64 

0.0621 

0.0639 

-2.9 

120 

1.63 

0 0749 

0.0749 

0 

145 

1.55 

0.0835 

0.0844 

-1.1 

180 

1 54 

0 0977 

0.0942 

+3.6 


TABLE 6 


Rate of solution of magnesium in 1/8 M hydrochloric ocid (ff) 
A; « 2 80; A = 0 010 


a IN R.P.M. 

X10« 

Aobad. 

Aoalod. 

PBRCBNTAOB 

DIFFBRBNCB 

50 

15.7 

0.36 

0.23 

+33 

100 

10 5 


0 40 

+3 

200 

9 7 


0.68 

-1 

400 

7 9 


1.08 

-14 

750 

7 2 

1.43 

1.50 

-5 

855 

7 7 

1 72 

1 59 

+8 


TABLE 7 


Rate of solution of thallium in 1/2 M nitric acid (8) 
k » 0.078; A » 0 0044 


a IN R.P.M. 

X io« 

Aohad 

Acalod. 

PBRCBNTAOB 

DIFFBRBNCB 

32 

2.96 



+0 4 

74 

1.84 



-3.1 

120 

1.42 



+0.8 

193 

1.00 



-1 5 

454 

0 55 



+0.3 


THE FORM OF THE CURVE 

In figure 1, JfiLcftiod. is plotted against r.p.m. for reactions a to e. The 
experimental points fall irregularly on either side of the curves. The 
curves all are concave downward. The degree of curvature shows con- 
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siderable variation. For reaction b it is slight, the curve appearing al¬ 
most as a straight line; for reaction d it is very pronounced up to 150 
R.P.M., after which the curve becomes asymptotic. For the other reactions 
the curvature is intermediate. 

In the same range of stirring speeds, the form of the curve is determined 
by the ratio kfA shown in table 9. For reaction d the ratio is only 0.02 
X 10*, and the curvature is high; for reaction b the ratio is 1.16 X 10*, 


TABLE 8 

Safe o/ golution of zinc in O.Oi M copper stdfaie (7) 
ib - 1.50; A - 0.012 


< IN R.P.M. j 

^ X 10* 

^obsd. 1 

i^ealed. 

PBIICBNTAOB 

DIFFBBBNCE 

54 

13.8 

0 336 

0 292 

+13.0 

94 

11.5 


0 440 

-0.9 

295 

8.8 

BtSH 

0 834 

+0.2 


7 0 


1.005 

+0 2 


6 4 


1.055 

+0 6 

680 1 

5 6 

1.028 

1 088 

-5 8 


TABLE 9 


Summary of values of chemical reaction velocity constant, k, and of A 


RBACTION 


A X 10« 

o 

X 

(a) Benzoic acid in water (30). 

cm. per 
min. 

0.157 

1.47 

0.11 

Benzoic acid in water (1). 

0 157 

1 10 

0 14 

Benzoic acid in water (2). 

0 157 

5 50 

0.03 

(b) Oxygen in water (4). 

2.06 

1 77 

i 1 16 

(c) Magnesium in 1/8 M hydrochloric acid (6) . 

2 80 

10.0 

0.28 

(d) Thallium in 1/2 M nitric acid (8). 

0 078 

4 4 

0.02 

(e) Zinc in 0.02 M copper sulfate (7). 

1.50 

12.0 

0.12 


and the curvature is very small. Reactions a and e have about the same 
intermediate ratio and curvature. 

TEMPERATURE COEFFICIENT 

By equation 17 the temperature coefficient of K is determined by that of 
k and of A. A varies with temperature chiefly through its dependence on 
the viscosity. By analogy with the heat transfer coefficient (based simply 
on the Re 3 mold’s number and considered as a coefficient of transport), A 
should be equal to A V® *, where ^ is the fluidity. This result accords with 
the measurements of the temperature coefficient of zinc in 0.02 M copper 
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sulfate at 100 r.p.m. (reaction e) by Centnerszwcr and Heller (7). These 
authors find Ka/Ko = 1.83, while <hi/4>o = 1-97 and * = 1.72; 

also Kk/Kh = 1.47, while 4>K/<hi = 1-64 and = 1.48. 

On the other hand, the results of King and Braverman (16) and Van 
Name and Hill (28) ^r rapid reactions in which alcohol and cane sugar 
have been added to the solutions, indicate that the measured constant 



Fig. 1. Relation of Measured Rate Constant to Speed of Stirring 


varies as the first power of the fluidity. If these measurements are accu¬ 
rate, and if a possible effect of added reagent on the chemical velocity con¬ 
stant is neglected, then A — A'<l>. 

In any case 





236 


PAUL S. ROLLER 


Applying this inequality to equation 17, and remembering that in the 
limit if « ifc, the following relation is found to hold 

kt + laAi > £ + t,/Ki > ( 18 ) 

The inequality 18 states that the measured temperature coefficient will 
lie between the coefficient of viscosity and of true chemical reaction. This 
is the result that has been found generally, with leanings toward viscosity 
coefficient or chemical coefficient depending on the ratio fc/As® *. 

SUMMARY 

1. The postulates of the Nemst theory of fluid-phase heterogeneous 
reaction are criticized. In particular, independent experimental evidence 
is brought forward against the assumed existence of a stationary film. 

2. In this paper, the measured rate of fluid-phase heterogeneous reac¬ 
tion is considered to be simply the resultant of two simultaneous processes 
—of chemical reaction at the interface and of physical transport to or from 
the interface—with no arbitrary assumptions as to mechanism. 

3. To determine the functional relationship between the chemical and 
physical factors, the ordinary diffusion equation has been solved with one 
of the boundary conditions that of first-order reaction at the interface. 
The solution permits accurate calculation of the true chemical rate con¬ 
stant, knowing the value of the diffusion coefficient and the dimensions 
of the vessel. 

The solved equation is brought into relation to the first-order rate equa¬ 
tion that is usually found to apply. An implicit, and finally an explicit 
equation, connecting the usual measured rate constant, true chemical 
velocity constant, and diffusion coefficient are deduced, and the range of 
validity indicated. 

4. By regarding diffusion as a special mode of molecule transport, the 
explicit equation is generalized to the following expression for the measured 
rate constant K, 

IT - 5(1 - 

where k is the chemical reaction velocity constant, and S the coefficient 
of physical transport of reactant or product of reaction to or from the 
interface. 

5. For transport by mechanical stirring of the liquid phase, it is found 
that S = As® *, where A is a constant and s is the stirring speed. Expon¬ 
ent 0.8 agrees with that commonly found for the fluid velocity in the ex¬ 
pression for the coefficient of heat transfer. 

6. The values of iC, measured as a function of the stirring speed for five 
typical reactions, are compared with the calculated values, and excellent 
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agreement obtained, k varies thirty-fivc-fold between 0.078 and 2.80 for 
the different reactions, while A lies between 1.1 and 12 X 10~®. 

7. The form of the curve of K against r.p.m. is considered in terms of the 
ratio k/A. 

8. It is shown that the temperature coefficient of K must lie between 
the chemical coefficient and the viscosity coefficient, depending on the 
ratio k/As^'^, 
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SOLUBILITIES OF SOME STRYCHNINE BENZOATES 
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During the use of some strychnine benzoates in a series of toxicological 
and pharmacological experiments (1), it became necessary to determine 
their solubihties in water at 20®C. It was decided to make like determina¬ 
tions at other temperatures, and the results of this investigation are re¬ 
ported in the present communication. 

For the determination of the solubilities up to 60“C., a constant tem¬ 
perature bath, capable of being regulated to ±0.05®, was used. The 
sbychnine salt was placed in a Pyrex test tube with about 30 cc. of water, 
and the tube was sealed. For the lower temperatures the mouth of the 
test tube was closed by sealing in the flame; for the higher temperatures 
pure gum rubber stoppers were used. A number of tubes were fastened to 
a frame, which in turn was connected to a mechanical shaker. The 
tubes were allowed to remain in the bath for from thirty-six to forty-eight 
hours. 

For the determination of solubilities at the higher temperatures, an 
excess of the strychnine salt in distilled water was brought to the boiling 
point and then allowed to cool to the desired temperature. The tube 
containing the solution was allowed to remain in a constant temperatme 
bath at this temperature for at least thirty minutes. In order to obtain a 
temperature of 95°C., since water at this altitude boils below this tempera¬ 
ture, a small amount of sodium chloride was added to the water in the water 
bath. The tubes containing the strychnine salts in water were placed in 
this boiling solution. The bath used was a large Erlenmeyer flask. Most 
of the water which evaporated condensed and ran back in the flask. If 
the thermometer kept in the salt solution indicated that the temperature 
was greater than 95®C., a new salt solution was used. In every case the 
tubes were frequently agitated. 

After the salts had remained in contact with the water at the desired 
temperature for the required length of time, the tubes were removed to a 
constant temperature air oven regulated to the same temperature. With 
pipettes heated to this same temperature, 25 cc. of the solution was removed 
from each tube, placed in a weighed platinum dish, and evaporated to 
dryness on the water bath. The dish was then placed in an air oven and 



240 CHABLES F, POE, JOHN P. SUCHY AND GEOBQE L. BAKEB 


dried to constaat weight at 100®C. The grams of the strychnine com¬ 
pound present in 100 cc. of solution were calculated. The results showing 
the different solubilities are presented in table 1. From the data in this 
table it may be noted that a number of the compounds gave rather high 
solubility values in water. As a rule the ortho compounds gave the highest 

TABLE 1 

Solubilities of some strychnine benzoates 


ORAIIS OF SALT FIR 100 OC. OP SOLUTION AT THB QZVBN 
TBMPBRATUBBS 


STRYCHNINE SALT 



T m 

20"C. 

r- 

30*C 

T « 
40-c. 

T - 

50*C. 

id 

T- 

76®C. 

95’C. 

Benzoate. 

0 433 

0 578 

0 784 

1.156 

1.607 

2,311 

3.460 

o-Chlorobenzoate. 

1.783 

1.995 

2.211 

2 770 

3.410 

4.798 

10,726 

w-Chlorobenzoate. 

0.176 

0.229 

0.344 

0 509 

0.669 

0.944 

1.376 

p-Chlorobenzoate. 

0 264 

0.302 

0.330 

0 425 

0.551 

0.688 

1.158 

o-Bromobenzoate. 

1 063 

1.204 

1.410 

1.846 

2 470 

3 818 

6.571 

m-Bromobenzoate. 

0 092 

0.115 

0.141 

0.201 

0.402 

0.576 

0 835 

p-Bromobenzoate. 

0 211 

0 244 

0.299 

0.351 

0 528 

0 744 

0.915 

o-Iodobenzoate. 

0 526 

0.582 

0.653 

0.768 

1.122 

1 514 

2.116 

p-Iodobenzoate . 

0 167 

0 195 

0 229 

0.341 

0.475 

0.606 

0 840 

o-Nitrobenzoatc. 

' 0.521 

0 621 

0 724 

0.928 

1 320 

1 970 

3.140 

m-Nitrobenzoate. 

0.447 

0.565 

0 706 

0 896 

1 359 

2.452 

4 138 

p-Nitrobenzoate. 

0.183 

0 222 

0.266 

0 328 

0.467 

0 698 

0.970 

o-Hydroxybenzoate. 

0 250 

0.297 

0 402 

0.606 

0 964 

1.470 

2.500 

w-Hy droxybenzoate. 

0 179 

0.185 

0 335 

0 432 

0.562 

0 872 

1,517 

p-Hydroxy benzoate. 

0 149 

0 188 

0 241 

0 339 

0 517 

0 875 

1.432 

o-Methylbenzoate. 

0.519 

0 634 

0.984 

1 331 

1.958 

2 807 

1 4.142 

7Ai-Methylbenzoate. 

0.869 

0 992 

1.181 

1 688 

2 350 

3 856 

7 765 

p-Methylbenzoate. 

0.560 

0.578 

0.625 

! 0 828 

0.931 

1 250 

1 808 

0 - Aminobenzoate. 

0.297 

0.378 

0.462 

0.710 

0.984 

1,590 

2 602 

w-Aminobenzoate. 

1.092 

1.204 

1.437 

2 107 

2 971 

4 786 

7.963 

p-Aminobenzoate. 

0.371 

0.652 

0.986 

1.324 

2.046 

3.586 

7.136 

3,5-Dinitrobenzoate. 

0.136 

0.163 

0.197 

0.271 

0.384 

0.599 

0.951 

2,4-Dinitrobenzoate. 

0.249 

0.298 

0 389 

0.557 

0 821 

1 230 

1.610 

2,4,6-Trinitrobenzoate. 

0.075 

0 098 

0.116 

0.165 

0.273 

0.450 

0.717 

5*Iodosalicylate. 

0.037 

0.045 

0.057 

0 079 

0.126 

0 215 

0 374 

3, S-Dinitrosalicylate. 

0,025 

0,041 

0.063 

0.088 

0 116 

0 422 

1.064 

Diiodosalicylate. 

0.020 

0.023 

0 031 

0.032 

0.046 

0.071 

0.127 


values, but this was not true for the nitro, methyl, and amino compounds. 
In these three compoimds the meta form showed the greatest solubility. 
The compounds with the benzoic acids having more than one substituted 
group gave, as a rule, very low solubility values. The strychnine diiodo- 
salicylate was almost insoluble in water at all temperatures. 
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SUMMARY 

The solubilities in water at different temperatures have been determined 
for twenty-seven strychnine benzoates. 
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ELECTROOSMOTIC MEMBRANE POTENTIALS 
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In a previous paper (2) I have derived from Gouy’s theory of a “diffuse” 
double layer, formulas for the transport numbers of ions in electroosmotic 
systems. They permit us to calculate both the concentration changes and 
the potential difference at diaphragms through which an electroosmotic 
current is driven. 

At first, however, we will deduce the expressions for the transport num¬ 
bers and bring these to a more convenient form. For a capillary slit, 
h cm. high and I cm. wide, we have for the fraction of the current carried 
by the anion 


i. = vFCvahlX + 2rFChX 


r- 


I 

(AT, - 1) de - 2yFCh / uN, dz 


/ 


^ 1/2 rii2 

yFCvahlX + 2yFChX / v,(Na - 1) dx - 2yFCh / udx 


i: 

lit 

- 2yFCh I u(.Na - 1) d* 


(1) 




where X is the field strength in the capillary, v valency of both ions, F the 
Faraday constant, C the concentration of anion (in gram-ions per cubic 
centin\^ter) in the middle of the slit, NJJ this concentration at the distance 
X from the slit wall, Va the mobility of the anion (centimeters per second per 
300 volts per centimeter), u the electroosmotic velocity. A proof of this 
equation is to be found in my previously mentioned paper. In the same 
paper expressions were given for u and JV®; after integrating and with regard 
to the relation = 7, where 7 is the total liquid flow through the 

slit, we have, if the capillary is not too narrow ,2 


ia 


vFChX 



8^0 

«(A + 1) 


V Z2vFC V 1_1 A + 1 11 

hX rfoi^ A 1 2 — 1 Jj 


( 2 ) 


^Address: Dachsberg 13, Berlin-Grunewald, Germany. 

^ In this case we can write (see equation 11 of reference 

^ipFC/, A+l , Ae«-hl 

u xm X —- ( In -- — In -: 

\ A - 1 Ae*** - 1 


) 
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where q is the viscosity, 

\/DRT 

D the specific inductive capacity, 


( 3 ) 


(4) 


f being the electrokinetic potential difference. 

The expression for the fraction of the current carried by the cation is like 
equation 2, 


t'e 


»FChX 



8v, 

a{A — 1) 



32fFCr 1 

no? [il - 1 


1, A + 


-:]} 


( 6 ) 


% t 

The transport numbers are evidently . and as we suppose 

tc + ta ic + la 

that the solution contains two kinds of ions only. 

We consider now (the “pinch effect” (3, 4) being neglected) the cross 
section of the slit at the flow entrance. Suppose that the liquid is positive 
relative to the negatively charged slit wall and moves to the cathode. If 
the field strength outside the slit be Xn, the amount of electricity brought 
by the cations per second to the slit entrance will be 

t; - pFCv.MXo 


The amount of electricity going away with the cation is *«. The accumu¬ 
lation of cation charge per second is therefore 

il - t. = vFCvMXa -X)- vFChX 


Ol(il 


_+i:. 

1) hX no? 


1, A 
Lil -l 2 “.4 


-:]} 


( 6 ) 


In an analogous manner we find for the accumulation of the anion charge 
t-, _ t» . -pFCv,U{Xa -X)- pFChX 

8Va 


V Z2yFC 
+ 1) no? 


'I 1, il + l1\ 
_A + 1~ 2^“ A - ijj 


In the stationary state these two expressions must be equal, because 
otherwise a continual increase of free electric charge should take place. 
From the equation t® — »J we obtain 




I). &>FC 1 
A + 1 no?' a*- 1_ 


( 8 ) 
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whence 

Y Y Y ^ r , SkFC 1 1 

" a«(v. + «>.)L4-l A + l'*’ v«* >- ij 


(9) 


Now the right-hand fraction, according to equation 27 (see reference 2), 

1C 

equals —, where k„ and k are the surface conductivity (not related to unit 
area!) and the volume conductivity, respectively; it follows that 


X,-X~ X.- 

K 


( 10 ) 


That the field strength in the capillary, X, has another value than that 
outside, Xo, is a consequence of the membrane potential, 11. The latter is 
equal to (X — Xq)L, where L is the length of the slit, hence 

n « --.XL (11) 

K 

or, inserting the value of X from equation 10, 

n « —(12) 

The direction of this membrane potential difference is such that the addi¬ 
tional field is opposite to the impressed electric field for positive as well as 
for negative membranes; X is always lower than Xo. 

After the switching-off of the external field the membrane potential will 
vanish with a very great velocity; we can calculate that ca. 10~® or 10~’ 
second is sufficient to reduce it to 0.01 of the original magnitude. But 
during the current's flow a measurement of II must be practicable and 
perhaps will not be more diflScult than the measurement of the surface 
conductance. A determination of both n and on the same capillary 
system would make it possible to verify the relation 12. 

If the expression Xo — X from equation 9 is put into equation 6 or 7 we 
find the decrease of the salt amount before the slit, this decrease per second, 
AS, being equal to 

The equation thus obtained can, however, be very much simplified, if the 
slit is wide enough. Then the surface conductance is very small compared 
to the bulk conductance and we can put Xo — X = 0; moreover all theother 
terms in the bracket of equation 6 or 7 will be negligible’ except for the 

• A discussion of these terms will be found in the previous paper (reference 2). 
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term To the order of approximation of the Helmholtz theory, there¬ 
fore, 


AS - -CV 


(13) 


The current I = il + moves and decomposes ^ gram-equivalents per 

second. We may compare this amount to the loss of solute AS and we 
write the dimensionless relation 


pF „ CV 

— • Al^ 3BS — ' . . 

I ChlXt(Ve + Va) 


Ut 

». + f« 


(14) 


where 


y _ Pf 

UXo 4wi) 


(15) 


is the velocity of the electroosmotic flow in unit field, according to Helm¬ 
holtz. 

At the other side of the slit we have evidently a gain of the salt of the 
same magnitude AS. 

Both the relations 12 and 13 are, as far as I can see, independent of the 
particular distribution of the electric charge across the electric double 
layer. 

The value n is one of the second order of magnitude like the surface 
conductivity, but AS is one of the first order like the electric endosmose, the 
stream potential, etc. Thus the concentration change at diaphragms was 
discovered at the same time as the laws of electroosmotic phenomena. Its 
extensive exploration has, however, been hardly undertaken. 

Particularly A. Bethe and Th. Toropoff (1) have investigated the con¬ 
nection between AS and the electroosmotic behavior (at diaphragms of 
chromated gelatin chiefly). 

The most important results of their experiments are as follows: (1) If 
in a O.OllV solution of sodium chloride we gradually replace the sodium 
chloride by hydrochloric acid, both the transported liquid volume V and 
the transported electrolyte amount AS change their magnitude and even 
their direction, but an approximate proportionaUty beiiween AS and V 
subsists always (see figure 3 of the paper of Bethe and Toropoff). It seems 
to be a verification of our equation 13, since this can be applied also to a 
mixture of binary electrolytes of the same valence; C will be in this case the 
total concentration (in Bethe and Toropoff’s experiments = O.OIW). 
Unfortunately the flow V is given by Bethe and Toropoff in conventional 
units only, so that it is not possible to show that the proportionality factor 
AS ; F is really equal to C. 
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(2) In a O.OliV sodium chloride solution 1 coulomb has transported 
nearly 1.6 X 10“* moles of sodium chloride to the cathode side of the 
diaphragm. Since 1 coulomb corresponds to 10“* moles nearly, we obtain 

I IQr* 

hence, according to equation 14, 

—Ut “ 0.16 (v. + Va) 

The mobilities of Na'*' and Cl“ being 4.8 X 10“* and 7.2 X 10“* cm. 
per second per volt per centimeter, respectively (at 20°C.), we find mo = 
—1.9 X 10“* and, according to equation 15, f = — 0.027 volt, a probable 
figure for the system O.OIN sodium chloride-chromated gelatin. 

In a O.OlAf hydrochloric acid solution 1 coulomb has transported nearly 
1.5 X 10“* moles of hydrogen chloride in the opposite direction; whence 
f = 0.087 volt. 

(3) Besides Bethe and Toropoff have observed and measured a “neutral¬ 
ity trouble,” i.e., an appearance of alkaline reaction in the anode compart¬ 
ment and of acid reaction in the cathode compartment after the electro¬ 
osmose in a O.OIAT sodium chloride solution. But the “trouble” is so small 
(after the passage of 4 coulombs the pH has risen from 7.00 to 7.2-7.3 
and fallen from 7.00 to 6.8-6.9, respectively) that it need not be taken 
into account. 


SUMMABT 

From the theory of the diffuse double layer expressions are derived for 
both the electrolyte transport and the potential differences at membranes 
through which an electroosmotic current is driven. These expressions are 
discussed and compared with the experimental evidence. 
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INTRODUCTION 

Streaming potential data presented in the preceding paper (13) of this 
series indicated that the rate of adsorption of gliadin at a glass-liquid 
interface was determined primarily by the sign and the magnitude of the 
electric charge of the protein micelles in relation to that of the glass, 
adsorption apparently being a mutual precipitation of the oppositely 
charged bodies. The r61e of electrical forces of attraction and repulsion 
in adsorption, and the reversibility of the process have been further investi¬ 
gated in the present work. 


EXPERIMENTAL 

Apparatus 

The apparatus used in the preceding investigation (13) was modified to 
facilitate changing from one solution to another without interrupting the 
streaming potential measurements. This was accomplished by connecting 
the streaming cell through a three-way stopcock to two solution reservoirs, 
each of which was equipped with a mechanical stirrer. The apparatus was 
otherwise identical with that described in the above paper, and therefore 
needs no further description. 

Materials 

The gliadin preparation described in the previous paper (13) was used in 
these studies. All solutions were prepared from chemically pure sodium 
hydroxide, acetic acid, and conductivity water. The gliadin was dispersed 
in a 70 per cent ethanol solution and sufficient of the resulting sol added to 
the aqueous solutions to give a concentration of 0.002 g. of gliadin per liter. 

‘ Paper no. 43, Journal Series, from the Agricultural Experiment Station, Montana 
State College, Bozeman, Montana. 
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CdUndation of ihe eketric moment of the double layer at the eoHd-liquid interface 

The values for the electric moment of the double layer at the solid-liquid 
interface were calculated from the streaming potential data by the formula 
of Bull and Gortner (6) 



in which the c.o.s. constants are evaluated, as previously explained (13), 
to give 

qd - 224766.22 X n X ^ 

where q is the charge per unit area of the double layer in electrostatic units, 
d the thickness of the double layer in centimeters, n the viscosity of the 
streaming liquid in poises, k. the electrical conductance across the dia¬ 
phragm in reciprocal ohms, H the streaming potential in volts and P the 
hydrostatic pressure in centimeters of mercury. The values for H, and 
P were determined experimentally, and the values for n, the viscosity of the 
solutions, were assumed to be the same as that of water (9) at the tempera- 
tines at which the streaming potential measurements were made. Although 
the viscosity of aqueous solutions varies with composition and concentra¬ 
tion, as shown by the work of Jones and Talley (10), the differences in the 
extremely dilute solutions used in these studies were not sufficient to be 
measured by the usual methods. The viscosity values for pure water were 
therefore used in the calculations. 

ADSORPTION OF OLIADIN ON GLASS AS INFLUENCED BY ELECTRICAL FORCES 
OF ATTRACTION AND REPULSION 

When a protein is dispersed in an aqueous solution it may ionize ampho- 
terically to form electropositive, electroneutral, or electronegative micelles, 
the degree of ionization of its acidic or basic groups being influenced by the 
common-ion effect of the hydrogen and hydroxyl ions of the solution. 
Protein micelles are thus positively charged in acidic solutions, negatively 
charged in alkaline, and electrically neutral in isoelectric solutions. Glass, 
however, is electronegative in both acidic and alkaline solutions. It fol¬ 
lows, therefore, that in an alkaline solution both the {mitein micelles and 
the glass are negatively charged, and consequently are repelled from each 
other. If, however, the hydrogen-ion concentration of the solution is 
progressively increased by adding increments of acid, the charge of the 
protein micelles will reverse when the isoelectric point is passed, and they 
will be precipitated on to the glass by the forces of attraction between the 
electric charges of opposite sign. The system will thus change from a 
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glass-liquid to a glass-protein-liquid system, resulting in a reversal of the 
potential across the interface. 

The foregoing was demonstrated experimentally by streaming a dilute 
sodium hydroxide solution containing 0.002 g. of gliadin per liter through 
the fritted glass diaphragm and measuring simultaneously the change in 
the streaming potential as the hydrogen-ion concentration of the solution 
was progressively increased by adding increments of dilute acetic acid. 

The potential across the diaphragm quickly attained a constant value 
following addition of acid until it reversed in sign, after which it decreased 
gradually with time. All measurements were therefore made exactly 10 

TABLE 1 


Effect of hydrogen-ion concentration on the adsorption of gliadin at a glass-liquid 

interface 


BTDBOQSN-ION 

CONCBNTRATION 

BLBCTRICAL 

CONDTJCTANCB 

ACROSS 

DIAPHRAGM 

xa 

HYDROSTATIC 

PRBSSURB 

P 

STRBAMINO 

POTENTIAL 

H 

n/p 

BLBCTRIC 
MOMBNT OF 
DOUBLB LATER 

M 

pH 

xa X 

cm.Hg 

milltvolts 


e.a.u. X l0-« 

0.98 


12.5 

-279 

-22.32 

-13.35 

9.79 

25.26 1 

12.3 

-322 

-26.18 

-13.08 

9.56 


12.3 


-31.71 

-12.92 


16.98 

12.2 

-434 

-35.57 

-11.95 

8.36 

14.19 

12.2 

-469 

-38.44 

-10.79 

7.41 

12.22 

12.1 

-494 

-40.83 

-9.87 

6.89 

11.48 

12.1 


-41.40 

-9.40 

6.29 

mmM 


-1-11 

+0.92 

+0.20 

6.01 


11.9 

+53 

+4.45 

+0.95 

5.55 

11.14 

11.9 

+172 

+14.45 

+3.18 

5.32 

12.52 

11.8 

+185 

+15.68 

+3.88 


14.19 

11.6 

+213 

+18.36 

+5.15 


16.71 

11.4 

+223 

+19.56 

+6.46 

4.48 

23.95 

11.2 

+182 

+16.25 

+7.70 


Viscosity of above solutions, % is 0,0088. 


minutes after adding each increment of acid in order to obtain comparable 
results. Although the applied hydrostatic pressure was automatically 
maintained constant, the effective hydrostatic pressme decreased slightly 
during the progress of the measurements, owing to a lowering of the solu¬ 
tion in the reservoir. Since the streaming potential is directly proportional 
to the hydrostatic pressure, the values for the ratio H;P, given in table 1, 
and represented by the curve in figure 1, show the influence of the hydrogen- 
ion concentration on the streaming potential. 

To determine whether the gliadin was adsorbed from an alkaline solution 
in which its charge was the same as that of the fritted glass diaphragm, the 
charge of the latter was determined before and after streaming through it 
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Fio. 1. Thb Revbbsal of the Stbeaming Potential by the Adsobption of 

Gliadin 



Fio. 2. The Reyebsal of the Electbic Moment of the Double Lateb at the 
Glass-Liquid Intebface by the Adsobption of Gliadin 




TABLE 2 

Adsorption of gliadin on glass in alkaline and acidic solutions 


Tins 

HTDROOUN-IOir 

CONCSNTRATION 

auncrmcAX. 

OOK&DCTANOB 

ACBOB8 

DIAPHRAOM 

Kb 

HTOSOSTATXC 

PRBBSURB 

P 

STRBAMUCO 

POTBMTXAL 

H 

BLBCTRIC 
UOMBNT OP 
ROUBUD LAYBR 

Acetic acid solution 

minut9» 

pH 

kb X 10-* 

cmMg 

mtlhtolts 

e.»M. X J0~* 

0 


15.44 

11.8 

-451 

-12.86 

5 

4.46 

15.44 

11.7 

-448 

-12.89 

10 

4.46 

15.44 

11.6 

-443 

-12.85 

Changed to sodium hydroxide solution 

12 

10.10 

29.12 

■ 9 

-201 

-10.91 

16 

10.10 

29.12 


-194 

-10.53 

20 

10.10 

29.12 


-189 

-10.34 

25 

10.10 

29.12 

■ |H 

-187 

-10.23 

30 

10.10 

29.12 

11.5 

-184 

-10.18 


0.002 g. gliadin per liter added 


32 

9.80 

30.65 

11.6 


-8.87 

35 

9.80 

30.65 

11.6 


-8.41 

40 

9.80 

30.65 

11.5 


-8.19 

45 

9.80 

30.65 

11.5 


-8.02 

50 

9.80 

30.65 

11.4 


-7.97 

65 

9.80 

30.65 

11.3 


-7.92 

60 

9.80 

30,65 

11.2 


-7.82 


Changed to sodium hydroxide solution 


62 

10 08 

28.91 

11.9 

-162 

-8.58 

65 

10.08 

28.91 

11.8 

-171 

-9.13 

70 

10.08 

28.91 

11.8 

-175 

-9.35 

75 

10.08 

28.91 

11.7 

-177 

-9.53 

80 

10.08 I 

28.91 

11.7 

-178 

-9.59 

85 

10.08 

28.91 

11.6 

-178 

-9.67 

90 

10.08 

28.91 

11.5 

-178 

-9.75 

Changed to acetic acid solution 

92 

4.37 

15.44 

11.8 

+13 

+0.37 

95 ! 

4.37 

16.44 

11.8 

-6 

-0.17 

100 

4.37 

15.44 

11.7 

-14 

-0.40 

105 

4.37 

15.44 

11.7 

-15 

-0.43 

no 

4.37 

15.44 

11.6 

-16 

-0.46 

115 

4.37 

15,44 

11.6 

-18 

-0.52 

120 

4.37 

1 

15.44 

11.5 

-19 

-0.56 

0.002 g. gliadin i)er liter added 

121 

4.83 

16.18 

11.5 

+72 

+ 2.21 

122 

4.83 

16.18 

11.6 

+105 

+3.22 

125 

4.83 

16.18 

11.4 

+134 

+4.15 

130 

4.83 

16.18 

11.4 

+149 

+4.61 

135 

4.83 

16.18 

11.3 

+154 

+4.81 

140 

4.83 

16.18 

11.2 

+169 

+6.01 

150 

4.83 

16.18 

11.2 

+166 

+5.23 

160 

4.83 

16.18 

11.1 

+169 

+5.37 


Viscosity of above solutions, 17 , is 0.0097. 
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an alkaline solution of the gliadin. The data from these measurements 
are presented in table 2 and figure 3. The charge of the diaphragm in an 
acetic add solution of pH 4.46 and in a sodium hydroxide solution of pH 
10.10 is shown by curves AB and jB( 7, respectively, in the figure. At C 
2 mg. of gliadin per liter was added to the alkaline solution and the resulting 
sol streamed through the fritted glass diaphragm for 30 minutes. The 



Fig. 3. Studies on the Adsorption op Negatively Charged Gliadin on Glass 

AB, electric charge of fritted glass diaphragm in a protein-free acetic acid solution 
of pH 4.46. 

B, changed to protein-free sodium hydroxide solution of pH 10.10. 

C, added 0.002 g. gliadin per liter of streaming solution. 

B, changed to protein-free sodium hydroxide solution of pH 10.08. 

B, changed to protein-free acetic acid solution of pH 4.37. 

F, added 0.002 g. gliadin per liter of streaming solution. 

FG, electric charge of diaphragm in gliadin sol of pH 4.83. 

alktHine sol was then displaced from the diaphragm at B by a protein-free 
sodium hydroxide solution, which was streamed through the system for 30 
minutes to remove any unadsorbed protein. Following this treatment the 
diaphragm was tested for adsorbed protein by determining the sign of its 
charge in a protein-free acid solution. As shown by curve BF, its 
charge reversed momentarily and then attained a constant negative value, 
which indicated that the surface of the glass had not been completely 





TABLE 3 


Effect of hydroffenr>ion concentration on the desorption of gliadin from a glass-liquid 

interface 


TIMS 

SYDBOOBM-ION 

CONCBMTBATIOM 

BLBCTRICAL 

OOKOUCTAMOB 

ACB08S 

DIAPHBAQM 

BTDROBTATXC 

PRBSSURB 

P 

STRBAMXMO 

POTBNTIAL 

H 

BLBCTRIC 
MOMBNT OF 
DOUBLB LATBR 

M 

Dilute acetic acid solution 

minutet 

pH 


1 cm.Hg 1 

mxUivoltg 

X 10 

0 

4.72 

11.83 


-314 

-6.40 

5 

4.72 

11.83 


-312 

-6.41 

10 

4.72 

11.83 


-309 

-6.40 

0.002 g. gliadin per liter added 

11 

5.15 

12.48 

12.2 

-187 

-4.08 

12 

5.15 

12.48 

12.2 

-66 

-1.44 

14 

5.15 

12.48 

12.2 

+50 

+1.09 

16 

5.15 

12.48 

12.2 

+91 

+1.99 

18 

5.15 

12.48 

12.2 

+112 

+2.45 

20 

5.15 

12.48 

12.2 

+124 

+2.71 

25 

5.15 

12.48 

12.1 

+137 

+3.02 

30 

5.15 

12.48 

12.1 

+142 

+3.13 

35 

5.15 

12.48 

12.0 

+145 

+3.22 

40 

5.15 

12.48 

12.0 

+147 

+3.26 

45 

5.15 

12.48 

12.0 

+148 

+3.29 

50 

5.15 

12.48 

12.0 

+147 

+3.26 


Changed to dilute sodium hydroxide solution 


51 

8.37 

13.76 1 


-462 

-10.77 

52 

8.37 

13.76 


-440 

-10.26 

54 

8.37 

13,76 


-426 

-10.01 

56 

8.37 

13.76 


-427 

-10.04 

58 

8.37 

13.76 


-432 

-10.24 


8.37 

13.76 


-439 

-10.40 

65 

8.37 

13.76 


-445 

-10.63 


8.37 

13.76 


-448 

-10.70 

75 

8.37 

13.76 


-451 

-10.86 

80 

8.37 

13.76 


-448 

-10.79 


8.37 



-444 

-10.78 


8.37 

13.76 


-438 

-10.72 


Changed to dilute acetic acid solution 


101 

4.72 

11.69 

12.0 

+141 

+2.93 


4.72 

11.69 

12.0 

+134 

+2.79 

104 

4.72 

11.69 

12.0 

+129 

+2.68 

106 

4.72 

11.69 

12.0 

+117 

+2.43 

108 

4.72 

11.69 

12.0 

+107 

+2.22 

no 

4.72 

11.69 

12.0 

+99 

+2.06 

115 

4.72 

11.69 

11.9 

+90 

+1.89 

120 

4,72 

11.69 

11.9 

+80 

+1.68 

125 

4.72 

11.69 

11.8 

+72 

+1.52 

130 

4.72 

11.69 

11.8 

+67 

+1.42 


Viscosity of above solutions, 17 , is 0.0095. 
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covered with the |»t>tein, otherwiee it would have been positively charged 
in the add solution. This was demonstrated by adding 0.002 g. of gliadin 
per liter to the seaming solution at whidi immediately reversed the 
charge of the glass as shown by the adsorption civve FQ. 

BEVEBSIBILITT OF THE ADSOBPTION PBOCEBS 

An attempt was made in the following experiments, the results of which 
are presented in table 3 and figure 4, to reverse the adsorption process by 



A 'B', electric charge of fritted glass diaphragm in a protein-free acetic acid solu¬ 
tion of pH 4.72. 

B', added 0.002 g. gliadin per liter of streaming solution. 

C', changed to protein-free sodium hydroxide solution of pH 8.37. Solution was 
streamed through diaphragm for fifty minutes to remove any gliadin 
desorbed from the glass. 

D’, changed to protein-free acetic acid solution of pH 4.72. 

D'E', electric charge of diaphragm in protein-free acetic acid solution of pH 4.72. 

reversing the charge of the protein to the same sign as that of the glass on 
which it was adsorbed and thus to cause it to be desorbed by the electrical 
forces of repulsion. 

The charge of the protein-free diaphragm (glass) shown by curve A'B' 
in figure 4 was first determined by streaming through it an acetic acid 
solution of pH 4.72. At JS' 2 mg. of gliadin per liter was added to the 
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TABLE 4 

Influence of changes in hydrogen-ion concentration on the electrical properties of 
gliadin adsorbed ai a glass-liquid interface 


TIMB 

HTDBO- 

STATXO 

PBBSSITBB 

P 

BTRBAMXNO 

POTBVnAL 

H 

BLBCTBXO 
MOMBNT 
or DOtTBLB 
LATBB 

Distilled water containing 0.002 g. gliadin 

per liter; 

X. « 1.44 X 10"®; pH - 6.29 

minutea 

cm. Hg 

millivolts 

e.t.tt. X 10”* 

2 

11.8 

+1610 

+4.42 

4 

11.8 

+1609 

+4.42 

7 

11.8 

+1606 

+4.41 

12 

11.7 

+1598 

+4.42 

Sodium hydroxide added; k, 1.48 

X 10-«; pH - 6.67 

2 

12.6 

-98 

-0.26 

4 

12.6 

-48 

-0.13 

6 

12.6 

-9 

-0.02 

8 

12,5 

+26 

+0.07 

10 

12.5 

+64 

+0.17 

12 

12.5 

+103 

+0.27 

14 

12.5 

+146 

+0.39 

16 

12.4 

+189 

+0.51 

18 

12.4 

+227 

+0.61 

20 

12.4 

+267 

+0.72 

22 

12.4 

+295 

+0.79 

Sodium hydroxide added; k, 
X 10“«; pH « 7,10 

» 1.55 

2 

mm 

-1469 

-4.13 

4 

m^i 

-1408 

-3.96 

6 

m^m 

-1344 

-3.78 

8 


-1278 

-3.59 

10 

12.4 

-1215 

-3.42 

12 

12.4 

-1164 

-3.27 

14 

12.4 

-1103 

-3.10 

16 

12.4 

-1049 

-2.95 

18 

12.4 

-1002 

-2,82 

20 

12.3 

-955 

-2.71 

22 

12.3 

-917 

-2.60 

Sodium hydroxide added; x.» 3.53 X 10"®; 
pH « 8.07 

2 



-8.26 

4 

mSm 


-8.17 

6 

12.1 

-1231 

-8.08 


HYDRO¬ 

STATIC 

PRRS8UBB 

P 


STBBAMINO 

POTBNTZAL 

N- 


RLBCTRXC 
MOMBKT 
OF DOUBtB 
LAYHR 
M 


Sodium hydroxide added; « 3.53 X 10"®; 
pH «8.07—Conn’d] 


mtnu<e« 

cm. Hg 

1 millivolts 

e.a.u. X 10-* 

8 

12.1 


-8.01 

10 

12.0 


-8.01 

12 

12.0 

-1202 

-7.95 

14 

12.0 

-1192 

-7.89 

16 

12.0 

-1181 

-7.81 

18 

12.0 

-1171 

-7.75 

20 

12.0 

-1161 

-7.68 

22 

12.0 

-1152 

-7.62 

Sodium hydroxide added; x. - 8.08 X 10"®; 


pH 

» 8.83 


2 

mam 

-583 

-8.83 

4 

m^m 

-583 

-8.83 


m^m 

-582 

-8.81 

Hi 


-574 

-8.77 

Sodium hydroxide solution containing 

0.002 g 

gliadin per liter; k» 

- 13.77 


X 10-*; pH - 9.49 


2 

mam 

mm 

-10.18 

4 

HSH 


-10.15 

mm 

12.5 

Es 

-10,21 

mm 

12.5 

Bb 

-10.18 

Acetic acid added 

;«. » 5.67 X 10-*; 


pH 

« 8.45 


2 

12.2 

-496 

-5.18 

4 

12.2 

-503 

-5.26 

6 

• 12.2 

-522 

-5.46 

8 

12.2 

-532 

-5.56 

10 

12.2 

-540 

-5.64 

12 

12.2 

-549 

-5.74 

14 

12.2 

-557 

-5.82 

16 

12.2 

-562 

-5.87 

18 

12.2 

-569 

-5.95 

20 

12.2 

-572 

-5.98 

22 

12.2 

-574 

-6.00 
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TABLE It—Concluded 


TIitB 

HYDRO- 

STATIC 

PBBBSUBS 

P 

STBRAMIHC 

POTBirrXAD 

H 

axOBCTSlC 

MOMBHT 

or DotJBLa 

LATBR 

TIIIB 

EYDBO- 

•TATIO 

PB1B8UAB 

P 

STBS AMINO 
rOTBMtXAL 

H 

HLICTBIC 
MOMBNT 
or DOUBLB 
LAYBB 

M 

Acetic acid added; - 4.62 X 10'"*; 

Acetic acid added; g* 6.49 X 10*"*; 


pH 

« 7.41 



pH - 6.38— 


minutes 

cm, Hg 

mUliedte 

e.e.u, X 10-* 

minuJtee 

cm. Hf 

millivolts 

e.s.u. X 10-< 

2 

12.2 

-273 

-2.43 

8 

11.8 

+340 

+3.66 

4 

12.1 

-281 

-2,62 

10 

11.8 

+334 

+3.50 

6 

12.1 

-294 

-2.63 

12 

11.8 

+329 

+3.44 

8 

12.1 

-303 

-2.71 

14 

11.8 

+325 

+3.40 

10 

12.1 

-308 

-2.76 

16 

11.7 

+321 

+3.39 

12 

12.1 

-311 

-2.79 

18 

11.7 

+317 

+3.35 

14 

12.1 

-315 

-2.82 

20 

11.7 

+314 

+3.31 

16 

12.1 

-318 

-2.85 

22 

11.7 

+312 

+3.29 

18 

12.1 

-320 

-2.87 





20 

12.1 

-322 

-2.88 

1 Acetic acid added; ki ** 6.91 X 10"*; 

22 

12.1 

-324 

-2.90 


pH 

« 4.88 


Acetic acid added 

: «. - 4.63 X lO-*: 

2 

11.7 

+438 

+5.82 


pH 

« 6.63 


4 

11.7 

+433 

+5.75 





6 

11.7 

+430 

+5.71 

2 

12.0 

0 

0 

8 

11.6 

+428 

+5.73 

4 

11.9 

-7 

-0.06 

10 

11.6 

+427 

+6.72 

6 

11.9 

-14 

-0.12 

12 

11.6 

+425 

+6.69 

8 

11.9 

-20 

-0.17 

14 

11.6 

+424 

+6.68 

10 

11.9 

-27 

-0.24 

16 

11.6 

+422 

+6.65 

12 

11.9 

-33 

-0.29 

38 

11.6 

+421 

+5.64 

14 

11.9 

-39 

-0.34 

20 

11.6 

+419 

+5.66 

16 

11.9 

-45 

-0.39 

22 

11.5 

+418 

+5.66 

18 

11.9 

-50 

-0.44 





20 

11.9 

-54 

-0.47 

Acetic acid added 

ic. « 10.39 X 10-«; 

22 

11.9 

-69 

-0.62 


pH m 4.49 


Acetic acid added; k» * 6.49 X 10"*; 


11.5 

+338 

+6.87 


pH . 

« 6.38 



11.4 

+332 

+6.81 






11.3 

+331 

+6.85 

2 

11.8 

+363 

+3.80 


11.2 

+327 

+6.82 

4 

11.8 

+356 

+3.73 





6 

11.8 

+347 

+3.63 

■1 





Viscosity of above solutions, q, is 0.0100. 


solution, which resulted in completely covering the glass with protein in 40 
minutes, as indicated by the adsorption curve B'C. The charge of the 
adsorbed protein was then reversed at C' by replacing the acid sol with a 
protein-free sodium hydroxide solution. The latter was streamed through 
the diaphragm for 50 minutes to remove any protein desorbed from the 
glass. Upon testing the diaphragm for adsorbed protein by again stream¬ 
ing through it a protein-free acetic acid solution of pH 4.72, it was found 
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to be positively charged as shown by curve, which indicated that it 
was still covered with a layer of protein. 


INFLUENCE OF CHANGES IN HTDROQBN-ION CONCENTRATION ON THE 
ADSORPTION EQUILIBRIUM AT THE GLASS-LIQUID INTERFACE 

In measuring the charge of proteins adsorbed on porous diaphragms by 
the streaming potential method, it was observed in this and in the preced- 



Time In Minutfl 


Time in Minutes 


Fig. 5. Influence of Changes in Hydrogen-ion Concentration on the 
Adsorption Equilibrium at the Glass-Liquid Interface 

Curve 1 represents the charge of the fritted glass diaphragm in equilibrium with 
distilled water containing 0.002 g. of gliadin per liter. Curves 2 to 6, inclusive, show 
the changes in the charge following successive additions of sodium hydroxide to the 
streaming solution, and curves 6 to 12 show the changes following the addition of 
acetic acid. 


ing investigations (12, 13) that the streaming potential did not attain a 
constant value immediately following the addition of acid or alkali to the 
solution streamed through the diaphragm, but that the potential increased 
positively following the addition of alkali and negatively following the 
addition of acid. 
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This effect is shown by the data in table 4 and by the eleotrio moment¬ 
time curves in figure 5. Curve 1 in the figure shoTra the charge of the 
diaphrt^ which had come to equilibrium in conductivity water containing 
0.002 g. of gliadin per liter; curves 2, 3, and 4 show the change in the charge 
following successive additions of sodium hydroxide to the solution. The 
charge of the diaphragm increased positively foUowing each increase in the 
concentration of hydroxyl ions up to pH 8.83, after which equilibrium was 
quickly attained as indicated by curves 5 and 6. Upon reversing the 
foregoing procedure, however, by adding successive increments of acid to 
an alkaline sol, the charge of the diaphragm increased negatively following 
each addition of acid until the hydrogen-ion concentration reached pH 4.88, 
after which it became constant, as shown by curves 7 to 10 inclusive. 

DISCUSSION 

The streaming potential curve in figure 1 indicates that the fritted glass 
diaphragm adsorbed gliadin only from solutions in which its charge was 
opposite in sign to that of the glass. The abrupt reversal of the potential 
between pH 6.89 and pH 6.29, shown by the break in the curve, thus 
represents the transition from a glass-liquid to a glass-protein-liquid 
system, the change in potential being caused by the precipitation of the 
positively charged protein on the negatively charged glass. Although the 
streaming potential increased with increasing hydrogen-ion concentration 
from pH 9.98 up to the isoelectric region, the electric moment of the 
double layer at the solid-liquid interface decreased as shown by the curve 
in figure 2. This may have been due to the decrease in the total ionic 
concentration of the liquid phase, similar to that observed in the previous 
investigation (13), or it may have been caused by the adsorption of a 
positively charged protein fraction from the alkaline solution. The 
decrease in the charge of the diaphragm from that represented by curve 
AB to that of EF in figure 3 indicates that at least a trace of protein was 
adsorbed from the alkaline sol during the interval CD. The reversal of 
the potential following the addition of gliadin to the acetic acid solution at 
F indicates, however, that the glass had not adsorbed a complete covering 
of protein from the alkaline solution. 

The curves in figure 4 show that the reversal of the charge of the protein 
to the same sign as that of the glass on which it was adsorbed did not result 
in its desorption. This is shown by the fact that the diaphragm was still 
positively charged in an acid solution after streaming through it for 50 
minutes a protein-free alkaline solution. Obviously, if the protein had 
been desorbed from the glass it would have been removed by the liquid 
streamed through the diaphragm during the interval C'D\ and the poten¬ 
tial across the interface would have been the same at JS" as at B'. 

When the drift or change in potential shown by the data in table 4 and 
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by the electric moment-time curves in figure 5 was first observed in the 
earlier investigations (11,12), it appeared to be caused by a decrease in the 
size of the pores of the diaphragm due to the adsorption of protein on their 
walls, the change in potential apparently being caused by the “back¬ 
pressure” effect of the small capillaries, similar to that observed by Bull 
(6), Abramson (2), and White, Urban, and Krick (18). However, the 
change in the positive direction following the addition of alkali, and in the 
negative direction following the addition of acid, as shown by the slope of 
the curves, indicates that the effect was due to a change in the equilibrium 
of the forces acting across the solid-liquid interface rather than to “back¬ 
pressure.” This effect may have been caused by a disturbance of the 
adsorption equilibrium or by a change in the polarity of the adsorbed 
protein molecules through chemical reaction with the acid or alkali added 
to the streaming solutions. Abramson (3) has presented experimental 
evidence showing that proteins are adsorbed at a solid-liquid interface 
with the non-polar part of the molecule toward the solid phase and the 
polar groups toward the liquid phase. Daniel (7) has likewise shown that 
gelatin is adsorbed on quartz particles with the active groups oriented 
toward the liquid phase. It follows, therefore, that the change in poten¬ 
tial represented by curves 2,3, and 4 in figure 5 may have been caused by 
the reaction of the carboxyl groups of the adsorbed protein with the alkali 
added to the streaming solution, and that represented by curves 7, 8, 9, 
and 10 by the reaction of the amino groups with the acid, the rate of 
reaction being determined by the rate at which the acid or alkali ions were 
brought in contact with the adsorbed layer of protein by the solution 
streamed through the diaphragm. Curves 1, 5, 6, 11, and 12, however, 
show that a constant potential was quickly attained following the addition 
of acid or alkali to solutions more alkaline than pH 8.83 or more acidic 
than pH 4.88. This apparently indicates that all of the free amino and 
carboxyl groups of the adsorbed protein had combined with the acid and 
alkali, respectively, within the hydrogen-ion range pH 4.88 to pH 8.83. 
The change in potential across the solid-liquid interface observed in these 
studies may therefore have been caused, not only by an interchange 
between the proteins of the adsorbed layer and those dispersed in the 
liquid phase, but also by a change in the polarity of the adsorbed proteins 
due to salt formation. 

It is evident from the data presented that the adsorption of gliadin on 
glass is an electrical precipitation process. The mechanism of adsorption 
of gliadin on glass is thus similar to that observed by Weinland and France 
(17), whose experiments showed that the adsorption of dyes by a growing 
crystal of sodium nitrate is dependent on the residual valency force fields 
of the crystal face, and on the distribution of the polar groups of the 
adsorbed dye molecules. That the mechanism of adsorption is the same 
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for matter>in-inas8 as for molecules or micelles in tiie imiic state is indicated 
by the experiments of Northrop (14), which showed that the charge of 
glass was reversed by the adsorption of a layer of bacteria on its sur&ce. 
Moreover, these data, as well as the observations reported in the previous 
paper (13), indicate that proteins prepared by the usutd empirical methods 
are composed of two or more species of molecules having different isoelectric 
points, and that within the hydrogen-ion limits of the latter, part of the 
molecules are positively charged and part negatively charged, the propor¬ 
tion of each being determined by the common-ion effect of the hydrogen 
and hydroxyl ions. This accoimts for the fact that protein preparations 
generally show an isoelectric range and not an isoelectric point, the latter 
usually being an interpolated value and not an experimentally determined 
point. It follows therefore that within the isoelectric range, the oppositely 
charged protein ions aggregate to form micelles, whereas outside this range 
their charges are of the same sign, and in consequence they are dispersed by 
the electrical forces of repulsion. The true isoelectric range thus appears 
to be the same as the “pH stability region” observed by Svedberg (16) and 
his coworkers. 

The foregoing hjrpothesis not only accounts for the fact that the proteins 
show an isoelectric range rather than an isoelectric point, but it also 
explains why the experimental studies of a number of investigators, notably 
Abramson (1), Brigp (4), Daniel (7), Hitchcock (8), Loeb (11), Palmer 
(15), and Wintersteiner and Abramson (19), led to the general assumption 
that the adsorption of proteins on such inert substances as quartz, glass, 
and collodion was independent of the sign of the electric charge of the 
adsorbent and adsorbate. For example, the data of Hitchcock and Palmer 
show that collodion, which is negatively charged in dilute aqueous solutions, 
adsorbed a maximum amount of protein in the region of its isoelectric 
point, while those of Wintersteiner and Abramson show that quartz, which 
is likewise negatively charged in aqueous solutions, adsorbed insulin as 
readily from solutions on the alkaline side of its isoelectric point as from 
solutions on the acidic side. Granting that within the isoelectric range 
(pH stability region) the micelles are composed of both positively and 
negatively charged protein ions, it follows that the negatively charged 
adsorbents would selectively adsorb the positively charged protein ions 
from the micelles. Moreover, the magnitude of the charge of the individual 
protein ions associated as micelles would be lower in the isoelectric region 
and in consequence more of them would be required to neutralize the 
charge of the adsorbent. This explains why a maximum amount of 
protein is adsorbed in the isoelectric region. 
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SUMMARY 

The r61e of electrical forces of attraction and repulsion in the adsorption 
of gliadin on glass has been studied by the streaming potential method. 
The results obtained support the following conclusions. 

1. The adsorption of gliadin on glass from dilute aqueous solutions is an 
electrical precipitation process. 

2. The adsorption process is not completely reversible. 

3. A highly purified gliadin preparation is not chemically homogeneous, 
but contains within the isoelectric range both positively and negatively 
charged fractions. 

4. Gliadin is adsorbed on glass with its free amino and carboxyl groups 
toward the liquid phase. 

5. The free amino and carboxyl groups of the adsorbed gliadin react 
with acids and alkalis, respectively, within the hydrogen-ion range pH 
4.88 to pH 8.83. 

6. The true isoelectric range of a protein is probably identical with the 
“pH stability region.” 
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Crude petroleum oil, whether obtained from a level of a few hundred 
feet in the earth’s crust or from a level of more than nine thousand feet, 
usually contains water. When oil and water pass through pipes to the 
earth’s surface, or when pressure is released, an emulsion forms. As a mat¬ 
ter of fact, over 200,000,000 barrels (42 gallons each) of emulsified crude 
oil are dehydrated yearly by means of heat, heat and pressure, chemicals, 
electrical energy, or combinations thereof. 

Crude oil emulsions arc usually of the water-in-oil type, while a few show 
the oil dispersed in water. Some manifest a double type emulsion of 
water-in-oil and oil-in-water, while others are of the water-in-oil type 
with oil also dispersed in the water drop. The water content of emulsified 
crude oils may vary from 0 per cent to over 90 per cent as produced. 
Emulsified crude oils are, in general, of a highly complex character; this 
study is directed toward their superheating and foaming characteristics. 

The dehydration of emulsified oil by heat is based primarily upon lower- 
ing the viscosity and surface tension and changing the colloidal properties 
of the emulsifier. It is difficult to generalize on the specific effect of heat 
in the sense of changing the properties of the emulsifier, because the effect 
produced depends more upon the individual case to be treated, i.e., the 
nature of the components involved and the phs^sical conditions of the sys¬ 
tem. A suitable increase in temperature is combined with a change in the 
state of aggregation, and the steam and oil vapor formed cause breaks in 
the surrounding protective films. Heat does not effect the separation of 
water and oil directly, but rather accelerates it. The accelerated pre¬ 
cipitation of water does not occur solely on account of the increase in the 
difference in the specific gravity of the components due to heating. A 
more rapid precipitation of water on heating may be attributed rather to a 
decrease in the viscosity of the oil. The temperature to which an emul¬ 
sion must be heated for complete dehydration depends to a certain extent 
upon the nature of the crude oil emulsion and may vary widely. When 

* Presented at the Eighty-fifth Meeting of the American Chemical Society, held in 
Washington, D. G., March 30, 1933. 
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the temperature is.increased, the density of the h3rdrocarbon oils decreases 
more rapidly than the density of water. In heating an oil from 15.55- 
65.5°C., the decrease in density amounts to about 7 per cent, whereas in 
heating water from 15.55-65.5®C., the decrease in density amounts to 1.1 
per cent. For this reason it is possible to obtain a more rapid separation of 
oU and water at higher temperatures than at lower temperatures. At a 
given temperature and with oils of equal specific gravity, the one having 
the lower viscosity will separate more readily from water. This effect is 
pronounced when the amount of oil is large as compared with the amount 
of water. Increasing the temperature of an emulsified oil from 15.55- 
65.5*’C. reduces its viscosity at times as much as 55 per cent. The rate 
of separation varies with the amount of material charged to the still, the 
size of the still, the amount and degree of dispersion of the water present 
in the oil, and the stage of the process. 

Two phenomena, well known to the industrial chemist, accompany heat 
dehydration: first, a priming or puking of the oil to be dehydrated, a kind 
of explosion caused by a superheating effect; second, foaming of the emul¬ 
sion. Observations reveal that there is a certain relationship between 
these two phenomena. Some form of heat treatment is generally used for 
the removal of water from oil emulsions, therefore it is of interest to dis¬ 
cuss both these phenomena. 

If an emulsified oil is heated too rapidly, it usually causes the still to 
puke. Sometimes puking of the oil is effected by irregularities occurring 
in heating. Occasionally, when the same amount of the same oil is charged 
to three stills of the same size, one pukes more readily than the others. 

Marcet (14) was the first to note that the temperature at which water 
and certain other liquids begin to boil varies with the nature and the state 
of the surface of the container in which the boiling takes place. These 
differences were attributed to a molecular change produced by the surface 
of the container, or by the presence of certain substances. It has been sug¬ 
gested that the part these substances play is to produce a more or a less 
perfect contact, or a more or a less close adhesion between the molecules 
of the liquid and the walls of the container. Whether the conversion of 
the liquid into vapor is made more difficult or, on the contrary, facilitated, 
is determined by the action of these substances. 

Evaporation and ebullition are both molecular phenomena. Both, de¬ 
pending upon the action of heat, differ in the degree of vt^r tension pro¬ 
duced, as well as in the rapidity with which the change of the liquid into a 
vapor takes place. While in ebullition the change of the phase is sudden 
and visible, occurring simultaneously throughout the liquid, the change of 
the phase in evaporation is slow and always progressive, restricted to con¬ 
version into molecular vapor situated at the surface, or very close to it. 
Any factor increasing the cohesion of the molecules to each other, or their 
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adhesion to the walls of the container in which they are enclosed, would 
have a tendency to slow down the evaporation of this liquid or delay its 
ebullition. 

Donny (4), Dufour (6), and Faraday (6) found that water freed from air 
does not boil until it reaches a temperature of 132°C. and then it explodes. 
Water raised to a temperature of 132®C. under ordinary atmospheric pres¬ 
sure remains as water, but the introduction of the smallest amount of air 
or steam induces it to vaporize immediately and, at the same time, its 
temperature decreases. Donny assumed that the superheating phenome¬ 
non was due to a rupture either in the cohesion of the heated liquid, or in 
its adhesion to the container. Under ordinary conditions, liquids begin 
to boil approximately at a temperature required by their vapors so as to 
establish equilibrium with atmospheric pressure. By the effect of ebulli¬ 
tion, liquids lose the greater part of the air held in solution, the boiling of 
the liquid being influenced principally by cohesion and adhesion. The 
liquid, free from air and heated beyond its boiling point, finally releases 
vapor explosively when a lowering of the temperature brings back a mo¬ 
mentary quietness to the liquid. Cohesion is the force preventing, or at 
least delaying considerably, ebullition of liquids free from air. The phe¬ 
nomenon of priming or puking once started continues to reproduce the 
effect with an increasing violence. If the principle that the liquid has to 
be freed from air in order to produce the above phenomenon holds true 
then, by passing a gas through a liquid, the disturbing phenomenon may 
be avoided. Donny’s experiments revealed that this holds true only for 
certain cases. De la Rive (3) and Dufour (5) studied the change of phases 
under the influence of temperature. They pointed out that the presence 
of a foreign substance in a liquid may hasten the evaporation, assuming 
that the change in phase does not necessarily occur when by heating the 
liquid a tension equal to the outside pressure is produced, but it may occur 
partially, owing to certain molecular conditions of the contact to which 
the liquid is subjected. 

The molecular influences of contacts tend to promote vaporization at a 
minimum temperature. Owing to this fact, noticeable differences in boil¬ 
ing point are observed when water, alcohol, or sulfuric acid is heated in a 
glass or in a porcelain container (experiments by Donny (4), Marcet (14), 
and Magnus (12)), or when they are heated away from contact with solid 
particles. In some cases it appears that the contact of solid particles is a 
determining cause of the change of phase for fluids. If a globule of liquid 
comes in contact with a solid particle entrained by currents induced by 
heat, or with the walls of the container, a sudden production of a vapor 
bubble takes place. If water is mixed with sand (3) with a liquid layer of 
a few millimeters thickness, the water evaporates more rapidly in air than 
the same quantity of water alone. Thus the temperature of a wateiv-sand 
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mixture evaporating in air is lower than that ol water reposed alone under 
the same conditions. Water containing sea salt also evaporatee lees 
rapidly, producing a smaller degree of cooling by its evaporation than 
water under the same conditions. 

Kenrick (10) and his coworkers studied the superheating phenomenon 
of liquids. A study was made of the extent to which liquids may be super¬ 
heated and the physical conditions under which superheating is possible, 
i.e., where temperatures are equal to or higher than those where the elastic 
force of the liquid produces equilibrium to the external pressure. The 
question r^arding the location of the ebuUating and superheating influ¬ 
ences also appeared of interest to these investigators. They assumed that 
ebullition takes place locally, either at a few fixed points on the walls of the 
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Ethyl ether. 

degrees C. 

143 

mm. 

11,500 

22.700 
20,100 
11,000 
14,400 

11.700 

41.200 

6.300 

11.200 

8.300 
6,100 

degrees C. 

35 

1.0 

Ethyl alcohol. 

201 

78 

2.7 

Methyl alcohol. 

180 

63 

3.4 

Chloroform. 

173 

174 

61 

1.0 

Acetone . 

56 

1.3 

Carbon bisulfide. 

108 

46 

1.0 

Water. 

270 

100 

2.3-3.8 

Sulfur dioxide. 

50 

~10 

1.0 

Benzene. 

203 

79 

1.0 

Chlorobenzene. 

250 

132 1 

Bromobenzene. 

261 

156 


Aniline. 

262 1 

183 


wi-Xylene. 

235 1 


137 1 






vessel, or from particles suspended in the liquid from which actually 
streams of bubbles rise. If this be true, then the superheating effect should 
depend on the ability of the liquid to wet the material which serves as a 
nucleus. 

Kenrick found a gradation in the effectiveness of the nuclei present. 
Some of them caused ebullition when the liquid was slightly superheated; 
others were effective only when it was heated to a higher temperature. 
Experimentally, it was not clear whether there was a real temperature 
limit or merely a rapid shortening of the time interval with increase in 
temperature. He also found that the smaller the vessel in which the liquid 
is heated, the higher the temperature to which it coxild be heated without 
boiling. Wismer (19) calculated the diameter of a sphaioal particle act- 
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ing as a nucleus enclosed by bubbles and found that it was equal to 5 X 
10~’ cm. Calculation of the pressure in the bubbles gave a value of about 
12.5 atmospheres, corresponding to a temperature of about 130°C. (ex¬ 
trapolated). Gilbert (7) calculated the amount of vapor in a bubble whose 
pressure, caused by surface tension, balances the outside vapor pressure. 
Quantities about one hundred times greater than those corresponding to 
the ordinarily accepted molecular dimensions were determined. This led 
Gilbert to the conclusion that liquids which can be heated to temperatures 
corresponding to abnormally high vapor pressures are those which are 
abnormal in possessing high association coeflScients as shown in table 1. 

Wismer (18) determined the pressure-volume relations for ether at 
121*^, 128^*, and 134®C, and at corresponding pressures above 30 atmos¬ 
pheres to as low as 1 atmosphere. He made similar measurements with 
ethyl chloride at 99°, 110°, and 117°C. The P-V curve in both cases ap¬ 
peared to be almost a straight line, and showed no sign of more rapid 
curving as the limit of superheating was reached, altliough in both cases 
the temperatures reached at atmospheric pressure were above the maximum 
calculated from van der Waals equation. 

The most characteristic points in the superheating effect are the extent 
to which superheating of a given liquid is carried out and the time during 
which a liquid is kept under these conditions. It was observed that these 
characteristics vary from one experiment to another. Kenrick, Gilbert, 
and Wismer (9) attempted to work out these questions concerning super¬ 
heating phenomenon. Previous work (1, 20) indicated that the super¬ 
heating of liquids is closely allied to the '^stretching^^ phenomena of liquids 
(15), as well as to the supersaturation of gases (19). 

Supersaturation is favored by long heating of a solution at high tem¬ 
perature. Liquids saturated with gases at concentrations corresponding to 
a pressure over 100 atmospheres showed that when the pressure was re¬ 
duced to 1 atmosphere, no bubbles were formed in the liquid. In the case 
of superheating of liquids, Kenrick, Wismer, and Wyatt observed that 
with a rise in temperature there is a very rapid shortening of the time inter¬ 
val between the lowering of the pressure and the formation of bubbles, in 
spite of the fact that the adsorption coefficient of the gas decreased but 
little with rise in temperature. There is definite evidence in favor of the 
old theories on the superheating phenomenon, namely, that liquids must 
be free from gases and air in order to undergo superheating effects. 

Krebs (11) removed air from water by mixing it with alcohol (about 
three times the volume of water) and boiling down the mixture to a small 
volume (the boiling point rose steadily to 107°C.). When a very large 
flask was used and the mixture evaporated to a small volume, the boiling 
point could be increased still more. In the boiling of this water-alcohol 
mixture, Krebs observed for the first time the coexistence of superheating 
and foaming. 
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There is a certain analogy between the superheath^c ph^KHnnum in 
liquids and in emulsion systems. But in the latter, the superheating effect 
finds its explanation rather in the behavior of the interfadal phase. As 
early as 1836, Magnus (13) showed that water with dl poured over it 
presents a considerably delayed ebullition. If oil is poured upon water, 
the explosive boiling is much more violent. Rideal (16) proved that 
evaporation of water from a surface is considerably diminish ed in the pres¬ 
ence of fatty acids, such as stearic and oleic, as compared with evaporation 
from a free surface (8). An increase in the concentration, or in the pres¬ 
sure, upon the surface may also delay evaporation. It is to be expected 
that surface layers in a condensed or a vapor state primarily influence 
evaporation. When an oil-water emulsion is heated, the continuous phase, 
which is covered with a thin layer of oil, must be heated to a higher tem¬ 
perature, to start boiling, than that required to start the boiling of pure 
water. A sudden decrease from a higher boiling temperature to a lower 
may be attributed to a change in the Brownian movement during the heat¬ 
ing, causing a cessation in the continuity in the interface oil skin and a 
decrease in temperature. 

Taylor (17) in his article “The Structure and Decomposition of Liquid 
Skins” states that monomolecular layers actually have thick spots which 
interfere with their stability. It is possible that the problem of whether 
skins in the interface play a part in the explanation of the superheating 
phenomenon in emulsion systems may be solved experimentally, using 
dyestuffs. Frumkin, in a work on spreading dye substances on a water 
surface, proved that a competition of two substances over the same water 
surface can be demonstrated. When a drop of oleic acid is placed on a 
water-crystal violet (dye) surface, then the oleic acid molecules displace 
the dyestuff molecules and the dyed layer sinks to the bottom in streams. 
On a water surface previously covered with an oleic acid film, the crystal 
violet particles of dye remain colorless upon the surface. Tetraiodofluores- 
cein may be used similarly. Perhaps, by means of such a dyestuff, it will 
be possible to prove whether superheated water in an oil-water emulsion 
is actually covered with a thin layer of oil, causing a decrease in evapora¬ 
tion, depressing ebullition and, consequently, producing the superheating 
effect during dehydration of crude oil emulsions. 

Foaming is a phenomenon intimately connected with heat dehydration of 
emulsified oils.' Emulsions, in their original form, often cannot be subjected 
to distillation without high danger of foaming over. The foaming is, of 
course, undesirable, not only because distillation must be repeated, but 
also because of the ever-present danger of fire. A belief is entertained that 
incipient foam formation with a rapid breaking down of the foam may play 
a lai^ part in the mechanism of dehydration itself. Pressure and high 
temperature are two factors which favor the dehydration process, reducing 
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at the same time the foaming tendency of the emulsion system. Pressure 
weakens the foam film structure; at higher temperatures the ability of oil 
to make and to maintain individual foam laminae is decreased. In petro¬ 
leum emulsions the emulsifying agent is usually asphalt, '^soaps,” or 
mineral matter, and the decreased foaming with increase in temperature is 
due less to change in composition at the temperature at which foaming 
ceases than to a decreased protective action. 

A number of experiments were carried out in connection with foam 
formation in heat dehydration of emulsified crude oils. The first question 
arising in connection with the problem concerns itself with the conditions 
under which foam originates in crude oil emulsions. 

1. It was found that for the same temperature more water may be sepa¬ 
rated from an emulsion where a vapor space is present, than where no vapor 
space exists. 

When one-quarter, one-half, or three-quarters of the still capacity was 
charged with a crude oil emulsion having 36 per cent of water and heated 
to 121.1°C. under a pressure of 2.74 kg. per square centimeter, 10 to 12 
per cent of water was separated. When a full charge was maintained at 
the same temperature, 121.1®C., although using a pressure of 3.31 kg. 
per square centimeter only 6 per cent of water separated out. 

The lack of vapor space prevents substantial foam formation which, in 
all probability, accounts for the difference in the dehydration effect. 

2. A series of tests was made with sixteen samples of California emulsified 
oils to determine their foaming properties. The emulsified oils to be in¬ 
vestigated were charged in beakers, immersed in a glycerol heating bath, 
and the foaming properties and height of the foam noted. The California 
emulsified oils which were experimented with had a water content ranging 
from 6 per cent to 69 per cent. The temperature of the glycerol bath in 
these comparative tests was maintained constant at 177®C. It was found 
that under the temperature conditions prevailing the foam column in the 
emulsified crude oil varied from IJ in. to over 5 in. in height. It is inter¬ 
esting to note that a mixture of California oils No. N6 and N2 taken in 
equal portions showed a foam column height which was higher than when 
the oils were subjected singly to the same heating. California oil No. N6 
with 6 per cent water: foam height, 3.8 cm. California oil No. N2 with 
30 per cent water: foam height, 10.5 cm. A mixture of the two oils in 
equal proportions: foam height, 11.8 cm. 

This brings out, as far as these tests are concerned, that the properties 
of emulsified crude oils as to foaming are not additive when mixed. One 
would expect that the foam column of California oil No. N2 would be re¬ 
duced, owing to the addition of an oil having a low water content. How¬ 
ever, this is not the case. As a matter of fact, the diluted oil No. N6 did 
not decrease the foam column, but actually increased it. 
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3. Distilling of crude oils of different origin revealed that foam formation 
in emulsified oils depends greatly upon the nature of the crude oil. The 
crude oils compared were derived from Camxalia, Santa Maria, Lompoc, 
and Efson oil wells. Casmalia oil is very persistent in foaming; S^ta 
Maria oil foams slightly; Lompoc oil foams strongly; Efson oil foams, show¬ 
ing explosive characteristics. 

Some emulsified oils distill quickly and then begin to foam after distilla¬ 
tion has proceeded for a while, whereas other oils foam violently from the 
beginning of heat application. 

Lompoc emulsified oil from Efson well No. NIO produced more foam at 
149'’C. than any Santa Maria crude oil tested, but Casmalia crude oil was 
the most persistent foam producer of all those experimented with. It was 
found further that the Lompoc oil acted in an explosive manner when 
heated. To overcome the violent bumping of this oil, gasoline was added 
to it and the foaming test conducted. The oil evaporated in a much less 
violent manner, but spattered and spat during the heating, and the foam 
was not persistent. This indicates that the gasoline added to the Lompoc 
emulsified oil has a marked influence upon its foaming and evaporating 
properties. 

Some emulsified oils, upon application of heat, form relatively small foam 
bubbles, while others produce large bubbles. 

4. The effect of temperature on the foaming properties of the emulsified 
oil was studied as a function of the depth of the liquid placed in the tubes. 
The oil investigated was Santa Maria crude oil containing 29 per cent of 
water. The procedure was to charge glass test tubes 2.24 cm. in diameter 
and 20.3 cm. long filled with 1, 2, and 3 cc. of Santa Maria emulsified oil 
which were immersed to 17.8 cm. of their length in a heated glycerol bath. 
After the glycerol bath reached the desired temperature, the tube contain¬ 
ing the emulsified oil was placed therein. At the beginning of the test, the 
emulsified oil distilled quietly, with little foaming. As vapors passed from 
the top of the tube, a time was reached when the foam which started in a 
fine dispersion became coarse and persistent. The foam rising in the tube 
became at times somewhat irregular, seeming to give a breathing action, 
but finally attained a maximum and then gradually subsided. The maxi¬ 
mum height which the foam column reached was recorded and all compari¬ 
sons made in a similar manner. 

It was found that the foam column of the Santa Maria emulsified oil 
increased as a function of the depth of the oil in the tube, and also increased 
as a function of the temperature employed, to a maximum which was at¬ 
tained at a glycerol bath temperature of 140*^0., the foam column decreas¬ 
ing as the temperature of the bath reached 176°C. 

Table 2 gives the order of the foam formation, as a function of the 
temperature variation, and depth of liquid employed during this set of 
experiments. 
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5. Finally, from a series of tests in which California emulsified crude oils 
were dehydrated, it was ascertained (a fact already indicated by Krebs 
(11), that foaming in heat dehydration was combined with the superheating 
effect discussed previously, as well as with self-cooling. UsuaUy, dur ing 
the heating of California emulsified oils, the temperature rose quite rapidly 
to a little above the boiling point of water, where it remained relatively 


TABLE 2 

Order of foam formation 


TSIIPBRATITBII OF BATB 

VOLOMB OP BUULBXriBD OIL UBBD 

1 CC. 

2cc. 

8 CC. 

degreet C. 

125 

16 

19 

32 

140 

32 

52 

80 

ISO 

34 

49 

70 

160 

26 

42 

50 

fte 

23 

33 

44 


TABLE 3 

Foam in heat dehydration combined with superheating effect and self-cooling 


PHABBS IN HBAT- 
XNO PBOCBBB 

tbmfvratubb in dbobbbb C. 

CHARACTBRIBTICB OF FOAMIMO 

Oil sample No. 1 

1 Phase 

II Phase 

III Phase 

Up to 111.1 

Drop in temperature to 102.2 constant 
for a time 

Rise in temperature from 102.7 to 104.4 

Little foaming 

Foam column rising 

Foam column starting to 
collapse 

Oil Sample No. 2 

I Phase 

II Phase 
III Phase 

Up to 107.2 

From 107.2 to 102.2 

From 101.6 to 111.1 

At 160.0 

Slight foaming 

Foaming increases 

Foaming rapidly recedes 
Foaming almost zero 


constant for a time until a portion of the water was distilled from the oil, 
the temperature rising until a maximum was reached where the oil was 
dehydrated with a few fine drops of water still dispersed in the tar residue. 
With several of the emulsified crude oils, a marked departure from the 
behavior just described was noted. 

Santa Maria crude oil from Rice Ranch well No. N2 showed a distinct 
superheating effect with rise in temperature followed by more or less foam- 
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ing, a drop in the temperature of the oil taking place desfdte the fact that 
the oil was still being heated. In other words^ wat^ was apparently held 
in the oil above its boiling point, and by this superheating suddenly formed 
steam, with cooling taking place in the liquid. The mechanism would, 
therefore, be either that the oil system during this period absorbed heat 
from the oil faster than from an external source to an extent of producing 
a cooling effect (manifested by an actual drop in the temperature of the 
oil), or, under critical temperature conditions, the protective films were 
ruptured, or else chemical changes occurred in the emulsifying agent (a 
dissociation of the hydrates of the hydrocarbons present in the emulsified 
crude oil 83 rstem), which took heat from the sjrstem, thereby cooling it. 

In table 3 are illustrated (on two samples) the three phases in heat con¬ 
ditions of a Rice Ranch Santa Maria crude oil emulsion accompanied by 
foaming. 


SUMUABT 

Two phenomena accompany heat dehydration of emulsified oill; prim¬ 
ing or puking, and foaming, resulting from superheating water. 

Superheating of various liquids may be compared with superheating of 
emulsified oils. The conversion of a liquid into its vapor state is influ¬ 
enced by the character of the surface of the container in which the boiling 
occurs, or by the presence of solid particles in the liquid. Cohesion of 
molecules of the liquid or their adhesion to the walls of the container or 
suspended'solids slows down evaporation and delays ebullition. Liquids 
freed from air are apparently a critical condition for the delay in ebullition. 
The extent of superheating is determined by the temperature necessary 
for sustainii^ equilibrium of the liquid against external pressure. Ebulli¬ 
tion is restricted to certain localities in the liquid. A gradation in the 
effectiveness of the material serving as a nucleus for the superheating 
phenomenon is observed. The extent to which superheating of a liquid 
is carried out, and the time during which it is held under a superheated 
condition are the characteristics and the variables in the process. 

An analogy between superheating and foaming effects in liquids and 
emulsions may be postulated, considering the significance of the interfacial 
phase in the case of emulsions. A thin layer of oil spread upon superheated 
water in an oil-water emulsion is responsible for the decrease in the evapo¬ 
ration of the system, depressing ebullition. 

The mechanism of dehydration includes, in addition to the prevention of 
the superheating influences, the break-down of foam formed during the 
process. Pressure and high temperature favoring dehydration likewise 
reduce the tendency of the emulsion system to foam. At the same tem- 
peratiu^, more water may be separated from an emulrion where a vapor 
space is present than where no vapor space exists. The lack of vapor 
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space substantially prevents foam formation, thus accounting for changes 
in the dehydration effect. The properties of emulsified crude oils with 
respect to foaming are not additive. The intensity and persistence in 
foaming of emulsified oils which are to be dehydrated is decided by the 
nature of the oil. Foaming and evaporation of water from the emulsified 
oil are markedly influenced by certain substances, for example, gasoline. 
The foaming of emulsified oil increases as a function of the depth of the oil 
in the container, reaching its maximum at a definite temperature. 

Superheating and foaming observed in the dehydration of emulsified 
oils produce evidence for the existence of a self-cooling effect. The 
latter may be interpreted as a result of superheating when the heat from 
the oil is adsorbed faster than from an external source. It may also be due 
to a rupture of protective films or else to chemical changes occurring in the 
system, requiring heat to be taken from the system itself and thereby 
cooling it. 
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In a previous paper (1) it has been shown that the apparent value ob¬ 
tained for the water equivalent of a calorimeter is dependent not only upon 
the small amounts of combustible impurities usually present in commercial 
oxygen, but also upon the pressure in the cylinder at the time of de¬ 
livery of its contents into the bomb. With the particular samples of 
oxygen (denoted G and K) by means of which this phenomenon was first 
brought to light, there was a gradual decrease in the apparent value for 
the water equivalent; this decrease ultimately reached seven and five parts 
per ten thousand for G and K, respectively, after the pressure in the cylinder 
had dropped from about 125 to 35 atmospheres. It will be the object of 
the present paper to investigate whether compressed oxygen does alwa3rs 
show the same behavior under the particular conditions prevailing in bomb 
calorimetry, 

I. THEBMOCHEMICAL DATA IN SUPPORT OP THE CONTENTION THAT THE 
PURITY OF THE OXYGEN DELIVERED INTO A BOMB IS DEPENDENT UPON 
THE PRESSURE IN THE OXYGEN CYLINDEB AT THE TIME OP DELIVERY 

Two series of combustions were carried out with a constant amoimt of 
standard benzoic acid in the bomb and at a fixed initial temperature; for the 
first series, oxygen (sample J) from unknown origin was used throughout, 
while for the second series, the oxygen (sample M) had been obtained from 
liquid air by fractionation. In both cases the oxygen was delivered into the 
bomb to a constant pressure of 35 atmospheres. 

A. Data relcUive to oxygen J 

In order to estimate from the figures in table 1 the amoimts of the 
combustible impurities present in the oxygen delivered at the various 
pressures, it is necessary to compare them with those obtained from the 
head portions of four different cylinders of oxygen, namely, L, K, G, and 
E (see table 2), by means of which the value of a constant heat capacity had 
been determined in an earlier series of combustions with the same prepara¬ 
tion of standard benzoic acid and imder exactly the same conditions as in 
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the ease of oxygen J (or later on oxygen M). In the case of oxygen E, all 
traces of combustible imparities had been removed by a previous 
purification. 

It is difficult to suppose that such a remarkable agreement between so 
many individual values and especially between the means, which are 
identical for all practical purposes, is entirely due to chance. When it is 
further taken into account that there is a similar kind of agreement between 
the heats of combustion found at various periods with several different 
cylinders of oxygen, when the precaution was taken to determine the water 
equivalent with the same oxygen as for those heats of combustion and as 
simultaneously as possible with the latter, it must be concluded that the 
influaice of chance must obviously be ruled out altogether. 


TABLE 1 

Apparent variation of the water equivrderU for decreasing pressures of the oxygen in 

cylinder J 


PBBMUBl 

WATKB BQUXVALBNT 

MBAN WATBB BQITIVALBNt 

aiVM9pKtrt% 

122 ± 1 1 

cal .13 per decree 

4274.7 

4273.3 

4272.8 

cal.u per decree 

4273.6 

90± 1 

4273.6 

4273.6 

71 ± 1 1 

4276.5 

4276.3 

4275.9 

38 ± 3 1 

4275.4 

4274.8 

4275.1 


B. Data relative to oxygen M 

The results obtained for the apparent value of the water equivalent with 
some new oxsrgen (M) were found to be strikingly similar to those just 
recorded for oxygen J, as will appear from an examination of tables 3 and 4. 
The similarity is so complete, indeed, that the values obtained with sample 
J may be used for sample M as well for all pressures recorded, at least 
within the very small margin of a few tenths of 1 calorie for the experi¬ 
mental error. 

In order to simplify the problem raised by the above data, it was felt 
advisable to arrange the experimental conditions so as to obtain results 
which could correspond only to one impurity at a time. Such a result was 
not impossible to attain by purely thermochemieal means, namely, by 
preparing or purifying some oxygen and then adulterating it with a known 
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amount of one single and well-defined impurity. But as it meant purifying 
compressed oxygen at a temperature of about 800®C. in order to free it from 
any combustible impurity possibly contained in it, or alternately purifying 
oxygen at ordinary pressure and afterwards compressing it to at least 100 
atmospheres, it introduced considerable technical difficulties. Such a 
solution wUl be tried in the future, as soon as some conditions required 
for its successful fulfillment will have been realized. For the present a 

TABLE 2 

Values obtained for the water equivalent for pressures above 100 atmospheres in the 
cylinder and S5 atmospheres in the bomby with oxygen from the 
cylinders L, K, G, and E 


OXYGEN 

PBBBBURB IN 
CTLINDBB 

BBNZOXC ACID OBBD 
NO. 

WATER EQUIVALENT 

MEAN WATER 
EQUIVALENT 




co/.is per degree 

cal.xi per degree 

L 

121/102 

48a 1 

4277.6 

4276.9 

4277.2 




4276.3 


K 

116/113 

48a 

4276 6 
4277.8 
4277.4 

4277.0 




4276.8 


K 

1 

112/109 

39b 

4277.0 

4276 5 
4278.7 

4277.2 

G 

123/121 

39b 1 

4277.7 

4277.0 

4276 6 

4277.1 

E 

Preheated 

39c 

i 

4277.4 

4278.0 

4276.3 

4275.6 

4278.0 

4277.1 


simpler, though quite efficient, procedure has been devised, which is based 
upon the fact that in the combustion inside the bomb, under well-defined 
conditions, of a constant amount of a definite substance in the presence of 
oxygen containing a small amount of nitrogen as impurity, a constant 
proportion of the latter is converted to nitric acid; by means of a simple 
titration of the acid with standard alkali the percentage of nitrogen impur¬ 
ity present in any one bomb filling may thus be determined. 
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n. FBEFARATIOM AND AKALTMB OF A HlXTURl! OF OXTOSN AMO NnStOOMM 
IN BUITABLEi PBOPOBTIONB AND ONDIDB A TOXAD niBBBTlBSI 
OF ABOUT 100 ATICOSFHEBEB 

A mixture of oxygen and nitrogen containing approximately 0.1 per cent 
of nitrogen was first prepared. This mixture was Uien used for combus¬ 
tions of a fixed amount of 1.72 g. of pure salicylic acid, under a constant 


TABLE 3 

Apparent variation of the water equivalent for decreasing pressures of the oxygen in 

cylinder M 


PHMUBB IN CTLXNPBB 

WATBR BQtTIVALaNT 

MBAN WATBR BQUIVALBNT 

MBAM BBROB FOR MBAN 
IV PARTS FBB THOUSAND 

atmo9vhtre» 

136/132 1 

cal.ii per degree 

4273.3 

4273.1 

4275.2 

cal.u per degree 

4274.0 

0.05 

80/77 1 

4275.6 

4275.7 

4275.6 

4275.6 

0.00 

47/44 1 

4274.2 

4275.7 

4275.5 

4275.1 

0.03 


TABLE 4 

Comparison between the variations in the water equivalent when determined with 
oxygen J and oxygen M, respectively 


PRBSSURB IN CTUNDBB 

MEAN WATBR EQUIVALENT 

NUMBBR QF COMBUSTIONS 

OxygenJ 

Oxygen M 

aimoepKeree 

oal.u per degree 

cal.v per degree 


135 


4274.0 

3 

120 

4273.6 


3 

80 


4276.6 

3 

70 

4276.9 


3 

40 

4276.1 

4275.1 

3 + 3 


pressure of 35 atmospheres in the bomb and with a calorimeter at a constant 
initial temperature of 20.5‘*C. The successive amoimts of nitric acid found 
as the pressure in the cylinder decreased from 110 to 15 atmospheres have 
been collected in table 5. The results recorded for pressures in the cylinder 
which were lower than the final pressure in the bomb have been obtained 
by means of the following artifice: the bomb was first filled to a pressure of 
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15 atmospheres with the oxygen-nitrogen mixture; it was then connected 
with the particular cylinder of nitrogen-free oxygen already used for making 
up the oxygen-nitrogen mixture, until the pressure had risen to the usual 
mark of 35 atmospheres, in order to aUow for the lesser amount of nitrogen 
impurity introduced in the bomb as the result of this procedure. Three 
blank combustions were also carried out with the nitrogen-free oxygen. 

A consideration of table 5 shows that there is first an unmistakable 
increase in the amount of nitric acid formed during the successive combus¬ 
tions, as the pressure in the cylinder decreased from 110 to 55 atmospheres; 
indeed, for a pressure of 81 to 74 atmospheres, the amount of nitrogen 
converted to nitric acid was found to be just double of that obtained at the 


TABLE 5 


Mean correction to be applied to the water equivalent for different rangee of preseure in 
the cylinder in order to allow for the formation of nitric acid 


rsmcsB IM (nruNDia 


NtTBiC AOD COBBBCnON 


MBAN NITRXC AaD COBBBCTXON 


aimotphtru 

106/98 

81/74 

61/55 

20/18 


caloric 

0.3 

0.8 

0.7 

0.5 

1.3 

2.1 

1.9 

2.6 

2.7 

0.0 

0.5 

0.1 


caloriet 

0.6 


1.3 


2.4 


0.2 


higher pressure; and for a further drop of pressure down to 61 to 55 atmos¬ 
pheres, the amount of nitric acid formed was four times as large as the 
original amount found. When, however, the pressure in the cyUnder had 
fallen to about 20 atmospheres, the results obtained for the nitric acid were 
just below those found at the very start (after the difference between the 
mean for these results and the mean for the blanks had been multiplied by 
the factor 15/35 in order to allow for the lesser concentration of the nitrogen 
impurity in the three final bomb fillings made with the nitrogen mixture 
and thus to render the final data entirely comparable with the original 
ones). 








282 


u jt V. Torntm. 


CKmCLXrSIOKB 

Whatever the true cause of the ph^omraion recorded in the preceding 
pages, the following ccmclusions will apply: 

(1) Thie statement made in a previous papa: that the concentration of a 
combustible impurity evoituidly present in compressed oxygen may vary 
appreciably with the pressure in the cylinder at tiie time of delivery kito the 
bomb, has been confirmed with three more cylinders of oxygen, one of 
unknown source and the other two derived from liquid air. 

(2) The apparent value for the water equivalent of a calorimetric system, 
whoi determined by means of oxygen from any of these cylinders, all 
received from the British Oxygen Company, showed a total variation of the 
order of five to seven parts in ten thousand, which therefore cannot be 
ignored if a precision of the order of one or two parts per ten thousand is to 
be secured. 

(3) The character of the curve, water equivalent against pressure in the 
cylinder, as revealed by the investigation of four different cylinders, may 
take one or other of two different forms, presumably depending upon the 
nature of the combustible impurity causing the contamination. 

In conclusion, the author wishes to tender his thanks to Prof. E. C. C. . 
Baly, Head of the Inorganic Department, for the facilities provided for 
this research. 


REFEBENCE 

(1) KarruB. L. J. P.: J. Am. Ch«m. Soo. 66 , 1268 (1834). 



CHROMIUM HYDROXIDE HYDROSOLS AND THE BURTON- 

BISHOP RULE 

EMORY FISHER and C. H. SORUM 
Department of Chemietry, Univereity of Wisconein, Madison, Wisconsin 

Received May 7, I9S4 

INTRODUCTION 

Burton and Bishop (3), working with copper, gum mastic, and arsenious 
sulfide hydrosols, concluded that the flocculation values increase with 
decreasing concentration of sol for monovalent ions, remain about the 
same for divalent ions, and decrease for trivalent ions. This conclusion 
is referred to as the Burton-Bishop rule (4). It has been demonstrated 
that, whereas moderately purified ferric oxide and chromic oxide sols do 
not follow the above rule for monovalent ions (2, 6, 6), highly purified 
ferric oxide sols do (4). The experimental results presented in this paper 
show that highly purified chromic hydroxide hydrosols, like ferric oxide 
hydrosols, follow the Burton-Bishop rule. 

PREPARATION OF SOLS 

Normal ammonium hydroxide was slowly dropped into a normal chro¬ 
mium chloride solution at 60-70®C. with constant shaking until six-tenths 
of the stoichiometric amount had been added. Two purified sols were 
prepared from the stock sample by dialysis in collodion bags. Table 1 
gives data on the preparation and some of the properties of the two sols. 

RESULTS 

Flocculation values were determined in the usual standard manner (4) 
and are reported as millimoles of electrolyte per liter of solution. With all 
sols flocculation values were determined with the original sol, referred to as 
100 per cent, and concentrations of 80, 60, and 40 per cent of the original, 
dilution being made with water and, in some instances, with ethyl alcohol. 
The data that follow are typical of the results obtained. 

Table 2 shows the flocculation values for different electrolytes with sol 
No. 1, dilutions being made with water. Table 3 shows the flocculation 
values for the same sol, dilutions being made with 95 per cent ethyl alcohol. 

Table 4 and figure 1 show flocculation values for sol No. 2, dilutions being 
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TABLB 1 


Data on preparation and propettiee of the two sole 


SOL BO. 

wee or 

DIALTSIS 

TanrsAA- 

TUBBmr 

OlALTSIB 

GOWCBir- 

TBAnOB 

OB 

OBBOKIOM 

BBLAVirB 

YISOOSITT 

pH 

PVBIfT 


wm 

dsgrmC, 

aramtpwF 

lOrr 


■ 


1 

19 

80 

1 0.814 

1.580 

B 

Slight precipitate 



60 

with AgNOi 

2 . 

m 

85 

0,769 

Too viscous 
to measure 

6.1 

No precipitate 
with A^Ot 


TABLE 2 


Flocculation values for different electrolytes with sol No, 1 


VLOCOULATIOK TALtrSi WUH SOL CONCBMTBATXON tS 


SLSCroOLTTB 



lOOpsrosnt 

so per cent 

SO per cent 

40 per cent 

NaCl. 

1.4 

MM 

2.2 

2.7 

KCl. 

1.5 


2.3 

2.7 

BaCl,. 


1.3 

1.6 

1.9 

Na,80«. 

KI^B 

mSM 

0.05 

0.06 

NaJPO.. 

■■ 

B 1 

0.03 

0.02 


TABLE 3 

Flocculation values for different electrolytes with sol No, 1 


FLOCOtTLATlON VALXTBS WHBN SOL CONCBBTBATIOB IS 


BLBOTBOLTTB 



100 per cent 

80 per cent 

60 per cent 

40 per cent 

NaCl. 

1.4 

1.7 

1.9 

2.3 

NajSO.. 

■Eh 


0.05 

0.04 

Na,PO«. 

■■ 

0.03 

0.03 

0.03 


TABLE 4 


Flocculation values for different electrolytes with sol No, i 


BLBCTBQLTTB 

BLOOCTJLAnOB VALUBS WBBB SOL OOBCBNTBATIOK XS 


100 per cent 

so per cent 

60 per cent 

40 per cent 

NaCl. 


0.9 

■HHH 

2.2 

KCl. 


0.9 

BIH 

2.3 

BaCli. 


0.8 

1.0 

1.2 

NaaSOi . 


0.04 

0.04 

0.04 

Na»P 04 . 

0.032 

0.03 

0.024 

0.02 
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made with water. Table 5 shows iocculation values for the stune sol, 
dilutioQS b^ug made with 65 per oeut ethyl alcohol. 

Stock samples of sol No. 2 were made impure by adding respectively 0.1 
and 0.4 millimoles of chromium chloride per liter. Dilutions were made 
with water and flocculation values for sodium chloride determined as above. 
The results are given in table 6 and figure 2. 


TABLE 5 


Floeeulation values for different eleetrotyles with sol Nq. t 


FLOOCTTLAnON TALUSB WHIN SOL CONCSlfTSATION 18 


lUBOniOtTTI 



100 per cent 

00 per cent 

00 per cent 

40 per eent 

NaCl. 

0.3 

0.7 

0.5 

0.04 

NajSO*. 

0.04 

0.06 

0.03 

<0.001 

<0.001 

NaiPOi. 

0.032 

0.04 

0.02 



TABLE 6 


Flocculation values obtained with sol No. M and sodium chloride in the presence of 

chromium chloride 


CHBOlfltm 

CBLOBIDB 

HiOCCDLATION talubb when sol concentbatxon is 

ADDED 

100 per cent 

80 per cent 

60 per cent 

40 per cent 

miUimolM 

0 

0.3 

0.9 

1.5 

2.2 

0.1 

2.7 

3.0 

3.2 

3.4 

0.4 

16.0 

13.4 

10.5 

8.8 


DISCtTSSION OF RESULTS 

The purified sols follow the Burton-Bishop rule for all ions (tables 2 and 
4, figure 1). When sufficient chromium chloride is added to the purified 
sols they fail to follow the rule for monovalent ions (table 6, figure 2). This 
fact, combined with the fact that the slope of the curve obtained when 
flocculation values are plotted against sol concentration (figure 2) varies 
with the purity of the sol, strengthens the conclusion (4) that the applicabil¬ 
ity of the Burton-Bishop rule is a function of sol purity. 

When dilutions are made with alcohol the very highly purified sols 
(table 4) do not follow the Burton-Bishop rule for monovalent ions, but the 
less highly purified sols (table 2) do. The stability of chromic hydroxide 
hydrosols is due to hydration as well as ion adsorption. In the very 
highly purified sol the rdle of hydration is probably relatively great; in the 
less hi^ly purified sol it is relatively small, iicohol is a dehydrating 
agent; accordingly it will sensitise and even coagulate a hydrated sol (1). 
When a very highly purified sol is diluted with alcohol, the relative dehy* 
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drating effect may beso greatand the sensitization so acute that the Burton- 
Bishop rule does not function. When a less highly purified sol which owes 
less of its stability to hydration is diluted with alcohol, the sensitization 
produced by dehydration is so slight compared to the initial stability due 
to ion adsorption that the dilution effect still follows the Burton-Bishop 
rule. 


817MUABT 

The applicability of the Burton-Bishop rule to chromium hydroxide 
hydrosols is a function of the purity of the sol; highly purified sols follow 
the rule, impure sols do not. 
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THE DIFFUSION COEFFICIENTS OF MOLECULES AND IONS 
FROM MEASUREMENTS OF UNDISTURBED DIFFUSION 
IN A STATIONARY MEDIUM 

W. G. EVERSOLB and EDW. W. DOUGHTY 
DepartmerU of Chemistry, The Stale University of Iowa, Iowa City, Iowa 

Received May 10, 19S4 

Numerous measurements of the rate of penetration of dissolved sub¬ 
stances into diffusion media have been made. The work of Stiles (2), who 
used an indicator for determining the rate of penetration of electrolytes 
into gels, illustrates a simple and direct type of experimental method for 
such measurements. However, the results of many such measurements 
have been expressed by means of empirical equations which do not permit 
the calculation of diffusion coefficients. The various equations which 
have been derived for the calculation of diffusion coefficients appear either 
to be inapplicable to this particular type of experimental method, or to 
involve a complicated and sometimes questionable method of calculation. 
This is particularly true of the calculation of the diffusion coefficient of an 
individual ion of an electrolyte in solution. 

The purpose of the present paper is to present a simple mathematical 
basis for such methods, and to point out a relationship between the distance 
of penetration and the diffusion coefficient which should be useful for 
measurements with solutions. 


DIFFUSION OF UNCHARGED PARTICLES 


If a diffusing particle is placed in the center of a tube of motionless 
diffusion medium of indefinite length at zero time, then the probability 
curves for the position of the particle at later times are shown in figure la. 
These probability curves are expressed by the well-known Gaussian 
equation, 





( 1 ) 


where ydX is the probability of the particle being in any given section, 
X — X -f dX, in the diffusion medium and g is a function of the diffusion 
coefficient D and the time t. 

This family of curves represents also a family of concentration curves 
if a large number of diffusing particles are placed in the central section at 



2»0 


w. 0. xvsfiaota! and sow. w. oouqhtt 


aero time. Under such conditions the number of particles in any given 
section, X — JT + dX, is given at any time by 


Thus the concentration in this section is » m, and 

“ - ® 

But the mean square deviation from the mean, is given by 

’■-is «<-*)■ (« 

t-1 

where X is the mean distance traveled by the particles in time t. For uni¬ 
form diffusion in both directions 


and therefore 





( 6 ) 


But this is the value of in the equation of Einstein (1) 

t — n 

X\~2Dt 

Substituting 2Dt for ^ in equation 3, 

in ■■ —-—1 
(4rD£)* 


( 6 ) 

(7) 

( 8 ) 


In this equation, m is the concentration of diffusing particles at any dis¬ 


tance X from the central section at any time t, 


(4irD0* 


representing the 


concentration in the central section at that time. 

If the concentration in the central section is kept constant at mo, each 
ordinate in figure la will in effect be multiplied by a constant times (4irZ>0* 
and as a result a family of concentration distance curves as in figure lb and 
equation 9 will be obtained. 
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or 

^ » In mo — In w 
4Dt 

or for any given constant value of m (= m') 

1 

■Q a* — . . i— 

In mo — In m' 


( 10 ) 


( 11 ) 


Thus the value of the diffusion coefficient may be determined, mo being 
the concentration in the central section and X being the distance from the 
central section at which the concentration is mf at time t. 



Fio. 1. Concentration-Distance Curves for Undisturbed Diffusion 


DIFFUSION OF CHAHGED PARTICLES 

If the diffusing particles are ions, the distance of penetration due to 
normal diffusion X will differ from the experimentally determined distance 
Xa by the amount X„ where X, is the distance migrated by the ions due to 
the potential gradient resulting from the diffusion potential E. For very 
small values of m', we may assume that the diffusion potential in the 
system is distributed uniformly over the distance X®, and the velocity of 
migration is therefore 

^ 1 U— (12) 

d< X. 

where U is the mobility of the diffusing ion. Since both this velocity and 
the velocity due to normal diffusion are inversely proportional to the 
distance of the concentration m' from the central section, the sum of the 
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two velocities 
and therefore 



must also be inversely proportional to tUs distance 


t 


k 


(18) 


Thus Xa is proportional to the time, as has been observed by many investi' 
gators (2,3,4). 

The value of X, is given by 


Therefore 


X. 




x~x. 




X, 


Substituting the values of X and k into equation 11 


D- 


4< I yj J In mo — In m' 


(14) 


(16) 


(16) 


Equation 16 reduces to equation 11 if the diffusing particles are uncharged 
or if the diffusion potential is zero. 

Preliminary results of colorimetric measurements of the penetration of 
cupric chloride into gels indicate that the equations suggested are useful 
and accmate. 
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The heat evolved on contact of a vapor with an adsorbent is one of the 
most important and characteristic quantities associated with the adsorp¬ 
tion phenomenon. It has been calculated most generally from the slopes 
of the isosteres. McBain (12), however, claims that this method is phys¬ 
ically impossible when the saturation values are different at different tem¬ 
peratures and an amount of sorption within the range of saturation values 
is under consideration. The basis of this claim is the fact that the equation 
involved, 

d In p q _ _ d In p g 

~dr RT^’ dd/D “ R 

applies quite strictly also when the satmation pressing is just exceeded and 
liquid is being condensed. In general (6), it has been found that the heats 
of adsorption thus calculated are usually lower than those experimentally 
determined. 

The refinements in the use of the ice calorimeter first made by Lamb and 
Coolidge (6), and later by Marshall and Bramston-Cook (11), have made 
this instrument a means of precise measurement of the heat of adsorption. 
Gregg (4) has employed both the ice calorimeter and the phenol calorimeter 
at 40.36®C. Employing a copper calorimeter similar to that used in 
measiu'ing heat capacities at low temperatures, Magnus and his coworkers 
(9,10) have measured the heat of adsorption of carbon dioxide on charcoal 
at 0®C. and 25°C. 

In spite of the accuracy attainable, the use of the ice calorimeter involves 
one serious disadvantage in that most ordinary vapors may exist as liquids 
at 0®C., and hence the heat liberated may be in part a heat of condensation. 
These condensation effects may be entirely eliminated at high temperatures 
by the use of the apparatus designed by Pearce and McKinley (14) and 
later used by the present authors (15). Temperature changes are measured 

• This paper is a brief extract of a dissertation presented to the Graduate Faculty 
of the State University of Iowa by George H. Reed in partial fulfillment of the re¬ 
quirements for the degree of Doctor of Philosophy. 
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by a 24-junction thennoelement, and the apparatus is suitable for any 
temperature for which satisfactory calorimeter liquids are available. 


TABLE 1 

The heats of adsorption of methyl chloride vapor on charcoal at $S^C, and SO^C, 


atM*C. 

AT«0*O. 

P 

X 

dk 

IHIII 

dh/dX 

P 

X 

dh 

n 

ih/dX 


ee. per 

oal. par 

eal. par 



ee. per 

eal. per 

eal. per 



gram 

gram 

gram 



gram 

gram 

gram 


0.433 

11.17 

4.95 

4.95 

0.423 

0.322 

9.24 

4.08 

4.08 

0.442 

1.021 


3.95 

8.91 

0.401 

0.932 

18.58 

4.04 

8.12 

0.433 

1.748 

29.11 


12.01 


1.695 

25.39 

2.59 

10.71 

0.380 

3.202 

41.34 

4.69 

16.70 


2.612 

32.88 

3.16 

13.87 

0.422 

1.120 

8.57 

3.94 



3.781 

39.95 

3.12 

16.99 

0.441 

2.475 

15.79 

2.86 


■SCfIS 

0.401 

10.60 

4.80 

4.80 

0.453 

3.864 

21.79 

2.57 

9.37 

0.428 

1.254 

20.40 

3.96 

8.76 

0.404 

5.955 

29.66 

3.32 

12.69 

0.422 

2.111 

27.86 

3.21 

11.79 

0.430 

9.312 

39.08 

3.65 

16.34 

0.388 

mmikym 

34.35 

2.46 

14.43 

0.379 






m 

! 43.63 

3.65 

18.08 

0.393 

h m 0.4887J:« ““ 

A 0.15 

h 

« 0.4820X®*»«»®; l 

1 » 0.13 


TABLE 2 

The heats of adsorption of ethyl and n-propyl chloride vapors at SO'^C. 


STHTL OBLOBIDS 

TI-PBOPTL CHLOltIBB 

P 

X 

dh 

h 

dVdX 

P 

X 

dA 

A 

dk/dX 

em. 

ee. per 
gram 

eal, per 
gram 

oal. per 
gram 


em. 

CO. per 
gram 

eal. per 
gram 

oal. per 
gram 


0.040 

7.85 

5.06 

6.06 

0.645 

1.903 

1.28 

1.10 

1.10 


0.144 

15.73 

4.65 

9.71 

0.590 

4.614 

3.15 

1.54 

2.64 

0.824 

0.273 

22.83 

3.53 

13.24 

0.497 

8.310 

5.54 

1.68 

4.32 

0.703 

0.441 

30.03 

3.71 

16.95 

0.515 

14.644 

8.23 

1.41 

6.73 

0.524 

0.709 

37.43 

3.62 

20.57 

0.490 

1.328 

1.43 

1.19 

1.19 

0.832 

1.090 

44.32 

3.18 

23.75 

0.462 

2.914 

3.36 

1.45 

2.64 

0.751 

0.347 

8.21 

4.45 

4.45 

0.542 

5.367 

5.95 

1.88 

4.52 

0.726 

0.808 

15.38 

4.36 

8.81 

0.608 

7.914 

7.79 

1.37 

5.89 

0.745 

1.283 

22.02 

4.42 

13.23 

0.666 


10.39 

1.70 

7.59 

0.654 

1.873 

28.20 

2.87 

16.10 

0.464 

13.692 

12.69 

1.55 

9.14 

0.674 

2.750 

35.40 

4.05 

20.15 

0.362 






1 

o 

o 

1 

A 0.30 

B 

- 0.8790X«-'“*; A - 0.07 


Garner and his coworkers (1,3,13) have devised an adiabatic calorimeter 
employing two thermoelements. With this they have measured the heat 
of adsorption of oxygen on coals and charcoals at temperatures between 
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TABLE 3 


The heat of adsorption of isopropyl chloride vapor on charcoal at M5^C, and 50^0. 


AT 25*C. 

at50*C. 

P 

X 

dh 

h 

d*/dX 

P 

X 

dh 

h 

dh/dX 


cc. per 

cat. per 

cal. per 



cc. per 

cal. per 

eal. per 

wm 


gram 

gram 

gram 



gram 

gram 

gram 



9.02 


4.80 

0.532 


7.74 

4.58 

4.58 

B 



4.93 

9.73 

0.612 

0.079 

16.98 

5.74 

10.32 

Mm 

0.055 

24.85 


14.53 

0.617 

0.233 

25.22 

4.82 

15.14 

0.585 

0.070 

31.96 

3.95 

18.48 

0.556 

0.317 

32.14 

4.34 

19.48 

0.627 

0.075 

40.25 


23.38 

0.591 

0.491 

39.99 

4.65 

24.13 

0.592 

0.100 

48.14 

4.57 

27.95 

0.579 


5.44 

3.35 

3.35 



7.09 

3.91 

3.91 

0.552 


12.56 

3.89 

7.24 

0.546 

0.060 

15.76 

5.61 

9.52 

0.647 


19.48 

4.44 

11.68 

0.642 

0.065 

22.20 

3 75 

13.27 

0.582 


27.24 

4.81 

16.49 

0.621 

0.075 

30.60 

4.63 


0.551 

0.159 

34.28 


20.59 

0.582 

0.095 

39.08 

4.53 

22.43 

0.534 

0.248 


4.95 

25.54 

0.564 

0.124 

46.96 


26.44 

mnn 






h « 0.6412X0* 

; A = 0.26 

h 

= 0 . 6398 X ®*®**®; A - 0.14 


TABLE 4 


The heai of adsorption of n-hutyl chloride vapor on charcoal at 26^C. and 


AT 26*C. 

AT WC. 

P 

X 

dh 

h 

dh/dX 

p 

X 

dh 

h 

dA/dX 


cc. per 

cal. per 

cal. per 



cc. per 

cal. per 

cal. per 



gram 

gram 

gram 



gram 

gram 

gram 


0.000 

6.98 

5.03 

5.03 

0,721 

0.000 

4.27 

3.49 

3.49 

0.817 

0.000 

12.06 

3.61 

8.64 

0.711 

0.000 

10.02 

3.56 

7.05 

0.619 

0.000 

21.38 

6.52 

15.16 

0.700 

0.025 

15.42 

4.14 

11.19 

0.767 

0.000 

26.56 

3.58 

18.74 

0.691 

0.030 

22.87 

5.22 

16.41 

0.701 

0.000 

31.72 

3.58 

22.32 

0.694 

0.069 

30.17 

4.79 

21.20 

0.656 

0.000 

40.63 

6.05 

28.37 

0.679 

0.114 

37.71 

5.26 

26.46 

0.698 

0.000 

5.13 

3.59 

3.59 

0.700 

0.203 

45.09 

5 07 

31.53 

0.687 

0.000 

10.52 

3.86 

7.45 

0.716 

0.773 

62.10 

12.06 

43 59 

0.709 

0.000 

15.80 1 

3.74 

11.19 

0.708 


5.95 

4.55 

4.55 

0.765 

0.000 

29.07 

9.34 

20.53 

0.704 


13.49 

5.26 

9.81 

0.698 

0.000 

34.32 

4.06 

24.59 

0.773 


23.77 

7.36 

17.17 

0.716 

0.000 

39.16 

2.62 

27.21 

0.541 


29.12 

3.18 

20.35 

0.594 

0.025 

50.70 

7.66 

34.87 

0.664 


35.38 

4.39 

24.74 

0.701 







43.19 

4.98 

29.72 

0.638 

h - 0 . 7926 . y «-"<« 

; A *= 0,15 

h 

- 0 . 7906 Jf '> “»'>; A - 0.23 
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18°C. and 450°C. Observations made in their experiments have shown 
that on admission the oxygen is first adsorbed on the outside layers of the 


TABLE 6 

The heaii of adeorption of teeondary-iutyl chloride vapor on charcoal at tB°C. and SO‘’C. 


AT2fi“C. 

atWC. 

P 

X 

Ah 

■■ 

Ah/dX 

P 

X 

Ah 

h 

d»/dX 

cm. 

ce. per 

cal. par 

eal. par 


cm. 

cc. par 

cal. per 

oal. per 


gram 

gram 

gram 

■■ 

gram 

gram 

gram 


0.635 

2.04 

1.35 

1.35 

mm 

0.728 

2.84 

1.80 

1.89 

0.666 

1.768 

4.88 

1.01 

3.26 

wmi 

1.378 

5.11 


2.99 

0.485 

2.719 

6.03 

1.35 

4.61 

Kl 

1.077 

6.73 

1.13 

4.12 

0.698 

3.745 

0.03 

1.35 

5.06 

0.643 

3.147 

9.96 

2.23 

6.35 

0.600 

4.875 

11.20 

1.41 

7.37 

0.650 

4.772 

13.26 

2.41 

8.76 

0.730 

1.265 

1.71 

1.16 

1.16 

0.678 

6.388 

16.26 

1.86 

10.62 

0.620 

2.211 

2.86 

0.74 

1.00 

0.644 

0.803 

2.68 

1.88 

1.88 

0.702 

3.610 

4.10 

0.86 

2.76 

0.604 

1.467 

4.44 

1.14 

3.02 

0.648 

5.174 

5.41 

0.83 

3.50 

0.634 

2.250 

6.38 

1.02 

4.04 

0.526 

8.176 

1 

7.78 

1.42 

5.01 

0.500 

3.097 

8 42 

1.36 

5.40 

0.667 

h - 0 . 6776 Z »-«'«; A - 0.03 

h 

- 0 . 6699 X '> »«">; - 

II 

p 


TABLE 6 


The heate of adeorption of tertiarydruiyl chloride vapor on charcoal at i5°C. and 60'‘C. 


AT 25*C. 

at50*C. 

P 

X 

Ah 

h 

dVdX 

P 

X 

d^ 

h 

dA/dX 


cc. per 

cal. per 

cal . per 



cc . per 

cal, per 

cal. per 


cm. 

gram 

gram 

gram 



gram 

gram 

gram 


0.000 

5.20 

3.50 

3.50 

0.673 

1.715 

1.83 

1.23 

1.23 

0.671 

0.000 

11.56 

4.01 

7.51 

0.631 

3.105 

3.11 

0.77 

2.00 

0.602 

0.070 

17.87 

3.80 

11.31 

0.602 

5.129 

5.01 

1.29 

3.29 

0.679 

0.110 

24.30 

4.01 

15.32 

0.624 

9.515 

7.21 

1.51 

4.80 

0.686 

0.179 

29.37 

3.03 

18.35 

0.598 

12.944 

10.10 

1.72 

6.52 

0.595 

0.000 

5.68 

3<80 

3.80 

0.660 

17.731 

13.32 

2.21 

8.73 

0.686 

0.065 

11.51 

3.44 

7.24 

0.590 

1.219 

1.65 

1.14 

1.14 

0.691 

0.139 

17.11 

3.47 

10.71 

0.620 

1.977 

2.77 

0.74 

1.88 

0.661 

0.214 

22.10 

2.83 

13.54 

0.567 

2.701 

3.53 

0.55 

2.43 

0.724 

0.433 

29.46 

4.33 

17.87 

0.588 

4.034 

5.18 

1.05 

3.48 

0.636 

0.483 

35.24 

3.92 

21.79 

0,678 

5.629 

6.73 

1.08 

4.56 

0.697 


h - 0 . 7096 X «-««»; A - 0.13 


k - 0 . 7064 A ’»-«««; A - 0.06 


charcoal. The rate of adsorption is so rapid that with small volumes of gas 
no oxygen penetrates the interstices between the grains to the charcoal 
around the thermoelement. For this reason the surfaces of capillaries 
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lying nearest to the surface are the first to be saturated with oxygen. The 
very small, not easily accessible capillaries are not reached by the first 
admissions of gas. To meet these difficulties the original apparatus has 
since been modified (2) in such a way that the gas must first pass directly 
to the center of the charcoal and then diffuse through it to the outer wall 
of the gauze cylinder. The intimate contact between the fine grains of 
charcoal and the wire spirals of our adsorption bulbs justifies us in believing 
that the same conditions are equally met in the method that we have used. 

We now present a brief report of the results obtained in a study of the 
heats of adsorption of a number of alkyl chloride vapors on activated char¬ 
coal at 26‘’C. and 50°C. The complete apparatus, its capabilities and 
technique, as well as the charcoal used are described in the previous 
paper (15). 



The liquids whose vapors were studied were purified by the generally 
accepted methods. Only the constant-boiling middle fractions were used. 

The results of the experimental work are collected in tables 1 to 6. The 
second column of each table contains the number of cubic centimeters 
(N. T. P.) of vapor adsorbed by 1 g. of charcoal under the equilibrium 
pressure given in column one. The third column contains the observed 
heat effects, dh ; the total heats of adsorption, are given in column four. 
In the last column are the differential heats of adsorption in calories per 
cubic centimeter of gas per 1 g. of charcoal. The data given in these tables 
represent two or more series; they have been obtained with various weights 
of charcoal, some fresh and others previously used, and with variation in 
the rate of admission to the charcoal. 

Lamb ^nd Coolidge (6) have found that chlorine-containing vapors 
poison charcoal in such a way that the heat of adsorption decreases in 
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successive runs on the same sample of charcoal. This poisoning effect did 
not appear in our work. The heat of adsorption has been found to be 
independent of previous use, if the used sample is outgassed at 550°C. to a 
pressure of 0.0001 mm. 

The data are represented in the curves of figure 1. These have been 
successively displaced to the light by definite intervals to avoid superposi¬ 
tion. The curves are rectilinear and are represented by the relation 

log h “ log m + n log X 

where h is the number of calories liberated when X cc. of vapor are adsorbed 
by 1 g. of charcoal, n is the slope, and log m is the value of the intercept at 
unit concentration. The constants are indicated in the empirical equations 
to be found at the bottom of the different tables. It is interesting to note 
that the values of m and n for any one vapor are very nearly identical at the 
two temperatures. The values for the total heats of adsorption calculated 
with the aid of these equations are in good agreement with the values found 
experimentally. The average deviation. A, between the observed and 
calculated values, is for the most part within the limits of accuracy of the 
experiment. 

It appears to have been definitely proved to many interested in adsorp¬ 
tion that the heat of adsorption of a gas or vapor by charcoal does vary 
considerably with the temperature. This view is fully supported by 
researches upon the heat of adsorption of oxygen and carbon dioxide by 
charcoal at different temperatures. 

Gamer and his coworkers (1,3,13) have found that for an oxygen concen¬ 
tration of 1.5 X 1(H moles per gram of charcoal the heat of adsorption 
increases from 70,000 cals, at IS^C. to somewhat more than 115,000 cals, 
at 200°C., and it finally attains a value of 224,000 cals, at 450°C. Thus, we 
find the heat of adsorption of oxygen on charcoal to be approximately equal 
to the heat of formation of carbon dioxide at a temperature not far above 
100°C. That they are not dealing with a case of simple reversible adsorp¬ 
tion, but rather, possibly, with an activated adsorption or with a chemical 
surface reaction, is shown in part by their observation that when oxygon is 
heated in contact with charcoal to 100°C. only traces of carbon dioxide are 
evolved. With further increase in temperature carbon dioxide is formed 
in increasing quantity. 

Long ago, Rhead and Wheeler (16) came to the conclusion that oxygen 
combines directly with charcoal to form a physicochemical complex, CxOy, 
which decomposes on heating to carbon dioxide and carbon monoxide. 
Their conclusion is completely confirmed by the work of Hulett and Lowry 
(7). The latter thoroughly outgassed their charcoal at 900®C. to 1000®C., 
allowed it to cool to room temperatme in a vacuum, and then admitted 
various gases. They found it possible to recover 90 per cent of the carbon 
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dioxide and a smaller percentage of water at room temperature, but both 
were completely recovered at 184°C. Gases like hydrogen, nitrogen, and 
carbon monoxide were completely recovered at room temperature. Oxy¬ 
gen, however, behaved very differently. After being admitted to the 
charcoal and allowed to come to equilibrium, only about one-half of the 
oxygen was recovered by evacuating at room temperature, and only traces 
of oxygen were obtained by heating the charcoal to 184°C. Upon increas¬ 
ing the temperature still further the oxides of carbon began to appear, but 
not until a temperature of 900°C. to 1000°C. was reached did they recover 
all of the oxygen admitted. And then it was not oxygen, but a mixture of 
the oxides of carbon. 

Magnus and Braner (8) have studied the heat of adsorption of carbon 
dioxide on charcoal at 17°, 27°, and 37°C. They have found that at con¬ 
stant temperature the heat of adsorption decreases with increase in pres¬ 
sure; furthermore, it decreases with rise in temperature at constant pressure. 

In spite of the fact that Lowry and Hulett found it possible to remove 
only 90 per cent of their carbon dioxide, Shah (17) states that there is no 
indication of a chemical interaction between charcoal and oxygen at 
ordinary temperatures. He did find, however, that not until the tempera¬ 
ture is raised to 200°C. does carbon dioxide begin to be slowly reduced. 

Keyes and Marshall (5) have studied the adsorption of oxygen, chlorine, 
carbon dioxide, ammonia, and ether by charcoal at 0°C. Of these the be¬ 
havior of oxygen was peculiarly striking. The log ?-log c curve is not only 
not rectilinear, but it actually shows an inflexion. Only for the very low, 
and possibly for high oxygen concentrations, is there any direct proportion¬ 
ality between log q and log c. Although linear equations of these two 
variables represent the data of carbon dioxide fairly well, the curve shows a 
trend which is slightly convex to the log c axis. Chlorine and ammonia 
show a similar behavior. The curves for oxygen and ether, on the other 
hand, are concave to the log c axis. The log A-log c curves for the vapors 
studied in this work are rectilinear throughout. 

It is evident from the work cited that oxygen and carbon dioxide do show 
very pronounced heats of adsorption on charcoal, and these vary markedly 
with increase in temperature. That these heat effects are modified in no 
uncertain degree by heat effects due to some kind of chemical interaction 
between the gas and the charcoal at the gas-solid interface appears most 
probable. The heats of adsorption should be expected, therefore, to be 
considerably different from those which would bo obtained if the adsorp¬ 
tion forces were of the van der Waals type only. It is the latter forces 
which appear to be involved in the adsorption of the vapors employed in 
this work. 

The molecular heats of adsorption. Am, calculated by the method employed 
in the previous paper (14), are collected in table 7. It will be observed 
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that the heats of adsorption increase with increase in l^e length of the 
hydrocarbon chain. Also, that these heats ate greata* than those obtained 
for the branched chain compounds. Further, the difference between the 
molecular heats of adsorption for each vapor at the two temperatures is 
very small. This would indicate that the forces involved are those of van 
der Waals. The number of vapors studied is too small to make any general 
deductions regarding the effect of molecular complexity upon the heat of 
adsorption. 


TABLE 7 

The vtbleadar heals of adsorption of alkyl chlorides at and S0°C. 


ALKTL CHLOBZDS 

kiOLSCULAB HBAl 

At 25*C. 

B OF ADSOBPTION 

At 50«C. 

mm 


kg^eaU. 

kg-eaU. 

kg’^caU, 

CH,CI. 

9.2 

9.2 

8.3 

GiHjCI. 

11.6* 

12.2 

10.6 

n-C,H,Cl. 

15.0* 

14.6 

12.3 

iso CjHtCI. 

12.9 

13.3 

12.3 

n-CiJliCl . 

15.4 

15.7 

13.4 

secondary CiHsCl. 

14.5 

14.4 


tertiary C 4 H 9 CI .j 

13.7 

13.6 

11.6 


* From Pearce and McKinley (14). 


8UMMABY 

1. The heats of adsorption of certain alkyl chloride vapors on charcoal 
have been measured at 25°C. and 50°C. The heats of adsorption of ethyl 
chloride and n-propyl chloride have been determined at 60°C. 

2. The molecular heats of adsorption at the two temperatures are of 
approximately the same magnitude. The temperature coefficient of 
adsorption between these temperatures is very small, if there is one at all. 

3. The total heat of adsorption of any vapor increases apparently recti- 
linearly with the total amount adsorbed. 

4. The molecular heat of adsorption of vapors with branched chains is 
always less than that of the vapors of the normal compounds at the same 
temperature. That of the normal compounds increases with increase in 
the length of the hydrocarbon chain. 
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COMMUNICATION TO THE EDITOR 


DENSITY OF WATER FROM VARIOUS SOURCES AND ISOTOPIC 
RATIO IN HYDROGEN 

H. J. Emel^us, F. W. James, A. King, T. G. Pearson, R. H. Purcell, 
and H. V. A. Briscoe (J. Chem. Soc. 1934, 1207) have determined the 
density of water with unquestionable accuracy. They have ascribed 
microchemical variation in the density of water from animal, vegetable, 
and mineral sources to the isotopic ratio in hydrogen in water. 

W. D. Bancroft and L. P. Gould (J. Phys. Chem. 38, 209 (1934)), as 
well as many others, have concluded that liquid water is a mixture of 
polymerized molecules coexisting in reversible equilibrium. Emel4us and 
his coworkers made no mention of such a phenomenon. It seems worth 
while paying attention to the variation in polymerization of water mole¬ 
cules with rise of temperature in connection with so delicate a study of 
the isotopic ratio in hydrogen by means of the determination of the density 
of water. The question is to what extent the observed variation in density 
is influenced by polymerization and depolsmerization with fall and rise 
in the temperature of water samples under the conditions of the experiment. 

JiTENDBA Nath Rakshit. 

Ghazipur, U. P., 

India. 
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Electrolytes. By Hans Falkenhagbn. Translated by R. P. Bell, xvi -f 348 pp. 

Oxford: Clarendon Press, 1934. Price: $9.50. 

This book can be cordially recommended to the attention of physical chemists. 

After a short discussion of ideal dilute solutions, the author gives a sketch of the 
“classical* theory of electrolytes as developed by Arrhenius. The anomalies in the 
thermodynamic properties and in the electrical conductance of strong electrolytes 
are pointed out. This is followed by a section devoted to the early theories proposed 
to account for the observed anomalies. The theory of Debye is then given in con¬ 
siderable detail in its application both to the thermodynamic properties of solutions 
and to their electrical conductance. The last three chapters are devoted to the 
modern theory of the viscosity of strong electrolytes, more concentrated solutions, 
and the statistical foundations of Debye^s theory. The appendix contains a short 
paper, by R. H. Fowler, on recent applications of quantum mechanics to the theory 
of electrolytes. 

The book contains numerous references to original sources. The index is entirely 
inadequate, but this defect is partly counterbalanced by an unusually detailed 
table of contents. 

Students who desire to become acquainted with recent developments in the theory 
of electrolytes will find this book of great value. 

F. H. MacDoiksall. 

Inorganic Colloid Chemistry. By H. B. Weiser. 15.5 x 23.5 cm.; xi -f 389 pp. 

New York: John Wiley and Sons, Inc., 1933. Price: $4.50. 

Professor Weiser has done chemistry a great service by bringing together, for 
the first time in a critical survey, the colloidal behavior of the elements. Up to the 
present time many sources had to be consulted in order to assemble the material 
presented in this single volume. Not only does the author give the latest accepted 
methods for preparing the elements in the colloidal form, but he thoroughly discusses 
their properties as well as theories concerning their behavior in this state. General 
principles of colloid theory are suflSciently treated, together with biological and 
industrial applications, so that the book is useful both as a text and as a source book 
of information. 

Following a chapter on the formation of the colloidal elements, the book is natu¬ 
rally divided into a section on the metallic elements and one on the non-metallic 
elements. As far as possible the elements are taken up in the order in which they 
appear in the periodic table. The section devoted to the metallic elements is com¬ 
pleted by chapters on the adsorption of gases by metals and colloidal metals as 
contact catalysts. Covering about sixty pages these two chapters give the reader a 
remarkably complete picture of the present status of these important and expanding 
fields of investigation. In the section devoted to the non-metals the chapter on 
colloidal carbon appeared to the reviewer to be especially complete and well written. 

The book is well illustrated and a very complete list of references to original work 
is given. An author as well as a subject index appears at the end of the book. Work¬ 
ers in the field will welcome this important addition to the growing list of publica- 
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tions, while graduate students will find that the book is very useful in giving them 
a reasonably complete survey of the subject. 

L. H. Retbbson. 

Verdffentlichungen aus dem Kaiser Wilhelm-Institut fdr Silikatforschung in Berlin'- 

Dahlem. Edited by Wilhelm Eitel. VoL VI. 21 x 29 cm.; 234 pp. Brunswick : 

Fried. Vieweg und Sohn, 1934. Price: 28 RM. 

The Institute^ under the direction of Dr. Wilhelm Eitel, continues to be very 
active in research, and the sixth volume of its collected papers contains much that is 
of scientific interest. Several investigations by H. E. Schwiete and H. Eisner von 
Gronow and colleagues deal with calcareous cements. Crystals from a Portland 
cement kiln in which small additions of fluorspar were made to the charge, and 
identified as alite, proved on analysis to consist of tricalcium silicate holding 4.5 
per cent of tricalcium aluminate in solid solution; the fact that such solubility occurs 
was confirmed by x-ray examination, the lines of the compound being clearly dis¬ 
cernible, but disappearing on heating the clinker. The specific heats of the principal 
compounds present in Portland cement have been determined from 20®C. to 1500®C., 
these data being required for the calculation of the heats of reaction in the kiln. 
Several other thermochemical investigations in this field have been completed, 
covering both the compounds present in clinker and those formed by hydration. 
A study of the development of heat during the setting of aluminous cement leads to 
the conclusion that the process is purely colloidal and is governed by the pH value, 
an increase in this value accelerating setting, whilst a diminution retards it. This 
conclusion requires to be controlled by other methods, such as microscopical and 
x-ray examination. A similar study of the setting of Portland cement also lays 
stress on gel formation as an essential part of the process. 

The papers on glass include a long review of the constitution of glass by W. Weyl, 
in which the subject is reviewed as a whole, as well as an experimental investigation 
in which glasses were prepared under high oxygen pressure, with the object of 
retaining in solution the higher oxides which ordinarily dissociate. Alkali lead 
glass in this way forms plumbates, which evolve oxygen when the glass is fused 
under reduced pressure. Manganese may also be retained as the higher oxide, so 
that under pressure a deep violet glass has been prepared, containing only 0.1 per 
cent MnO. A series of studies of the flow of glass in various machine processes for 
the production of bottles and other objects is remarkable for the very beautiful 
series of photographs taken by the Schlieren method. 

As usual, the volume contains accounts of several improvements in technique, 
which may be of interest to workers in other fields than that of the silicates. 

C. H. Desch. 

The Design and Use of Instruments and Accurate Mechanism {Underlying Principles). 

By T. N. Whitehead. 279 pp.; 86 figs. New York: The Macmillan Co., 1^4. 

The book is written for the designers of accurate scientific Instruments such as, 
for example, comparators. But the discussion covers much more than this field. The 
author deals with the fundamental principles covering design and the use of the 
resulting devices. He therefore deals with the theory of errors of observation from 
the standpoint of the instrument and from the standpoint of the human nature of 
the observer. He admits the utility of mathematics in the expression of physical 
phenomena, but warns that the use of mathematics must be tempered by independent 
check of the physical facts. The aim in writing the book has been ^^to concentrate 
on those parts of the subject which seem to call for revision and with which me- 
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chanical designers are less likely to be acquainted." Anyone interested in the 
building of scientific instruments and of precision machines should read this volume. 

George Glocklbr. 

The Kinetic Theory of Gases. Some Modern Aspects. By Martin Knudsbn. 
Methuen’s Monographs on Physical Subjects. 17 x 11 cm.; 64 pp. London: 
Methuen and Co., Ltd., 1934. Price: 2s. 6d. 

This book embodies the material of three lectures given in 1933 in the University 
of London by its distinguished author. It is less a treatise on the kinetic theory 
than a summary of Professor Knudsen’s own researches, but since these are con¬ 
cerned with several fundamental parts of the kinetic theory, the author has been 
able to make a connected story of the material. The simpler formulas are deduced, 
whilst the complicated are merely quoted. The apparatus is described and illus¬ 
trated. The sections deal with the vapor pressure of mercury, evaporation and 
condensation, molecular flow through tubes, the cosine law, resistance to motion 
in gases, thermal molecular pressure, molecular heat conduction and coefficient of 
accommodation, and the absolute manometer. The treatment is clear and attrac¬ 
tive, and the book is one which will be read with interest and profit by many kinds 
of readers. 

J. R. Partington. 

Gmelins Handbuch der anorganischen Chemie. 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummer 59: Eisen, Teil A, Lief- 
erung 6. 26 x 18 cm.; xxi + 1167-1420 pp. Berlin: Verlag Chemie, 1934. Price: 
41.50 Marks. Subscription price: 36 Marks. 

This volume contains a description of the systems composed of iron and the non- 
metallic elements sulfur, selenium, tellurium, boron, and carbon. The treatment 
is on the lines of the phase rule, although in many cases the chemical properties of 
the compounds are dealt with in full. The section on the iron-carbon system, in 
view of its great technical importance, is very detailed, and the volume is essen¬ 
tially a monograph on carbon steels. Nitriding of iron is included. The technical 
and patent literature is exhaustively covered. The volume is one of exceptional 
interest and is a valuable summary of a very extensive literature. 

J. R. Partington. 

Gmelins Handbuch der anorganischen Chemie. 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummer 59: Eisen, Teil A, Liefer- 
ung 7. 26 X 18 cm.; xxvi -f 1421-1634 pp. Berlin: Verlag Chemie, 1934. Price: 
36 Marks, Subscription price: 31.5 Marks. 

This volume is concerned solely with the magnetic and electrical properties of 
iron and steel. The magnetic properties, which are of great technical importance, 
are very fully described, the section being introduced by a clear account of the 
general theory of ferromagnetism, including a discussion of the units, the names 
of which have recently been altered. The text is illustrated by a large number of 
diagrams and contains much numerical data. The electrical properties include 
conductivity, thermoelectric properties, contact potentials, discharges between 
electrodes, and electron emission. The volume is essentially of physical interest 
and constitutes a valuable monograph on the subjects with which it deals. The 
brief accounts of the various phenomena dealt with from the general point of view, 
and the definitions of the various magnitudes concerned in the effects, will be found 
very useful for reference by chemists, and the inclusion of x-ray data and lattice 
constants is a valuable feature. 


J. R. Partington. 
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Omelins Handbuch der anorganuchen Chemie, 8 Aufiage. Herausgegeben von der 
Deutschen Chemischen Gesellsohaft. System*Nummer 35: Aluminium, Teil A, 
Lieferung 1. 26 x 18 cm.; iv + 284 pp. Berlin: Verlag Chemie, 1934. Price: 
42 Marks. Subscription price: 38 Marks. 

This volume deals with the occurrence, production, and physical properties of 
metallic aluminum. The section on its occurrence includes an account of the alu¬ 
minum minerals, including silicates, and contains a long section on bauxite and 
laterite, which are used in the technical production of the metal. The section on 
the production of the metal deals briefly with the older chemical methods and in 
detail with the electrolytic processes now in use, and with refining processes. The 
forms of commercial aluminum are described. The physical properties are classi¬ 
fied under the headings atomic, crystallographic, mechanical, thermal, optical, 
magnetic and electrical, and in the descriptions a large amount of numerical data 
is collected. The volume provides a very exhaustive and authoritative account of 
aluminum metal both from the physical and chemical aspects, although the descrip¬ 
tion of the purely chemical properties belongs to a later issue. The references are 
very complete and the literature, which is brought well up to date, is international. 

J. R. Partinoton. 

The Adsorption of Gases by Solids, By S. J. Gregg. 17 x 11 cm.; viii -f 120 pp. 
London: Methuen and Co., Ltd., 1934. Price: 2s. 6d. 

The subject of adsorption of gases by solids is one of great complexity and interest, 
and some reasoned survey of the present state of affairs was much in need. A recent 
volume published by the Faraday Society indicated that the interest was there, and 
Mr. Gregg has in small compass given us a detached survey of the subject, admirable 
in its grasp of essentials and breadth of scope. It is a pity therefore that the series 
of monographs to which the book belongs has made it necessary to deal with many 
aspects in only a very brief way. Perhaps when agreement has been reached on some 
of the more controversial items, Mr. Gregg will undertake a larger survey. In the 
meantime he has managed to pack into one hundred and twenty small pages nine 
chapters on general characteristics, experimental methods, heats of adsorption, 
theories, adsorption forces, adsorption layers, surface structure, activated adsorp¬ 
tion and, finally, chemisorption. In addition each chapter has its own bibliography, 
guiding readers to the original papers of importance. The author’s interest has 
perhaps centred on the explanations of the many results obtained rather than on 
experimental method, to which only a little over two pages have been devoted. In 
common with other writers on adsorption, Mr. Gregg has failed to make reference to 
the practically important process of clean-up, whereby gases are retained at the 
gettered glass surfaces of vacuum lamps and wireless valves. In spite of this blemish 
Mr. Gregg’s book is a well thought out little volume and is worth a good deal more 
than the very reasonable price the publishers ask for it. 

J. T. Randall. 

Oberfldchenspannung in der Biologic und Medisin. By Ferdinand Hergic. 15 x 22 
cm.; xii -I- 220 pp. Dresden and Berlin: Steinkopff, 1934. Price: unbound, 14 M; 
bound, 15 M. 

This small volume deals essentially with the changes in surface tension caused by 
the solution of materials mainly of biological processes. Great emphasis is laid upon 
the utOity of the ring method for determining these changes, a view with which 
many investigators would in all probability not agree. The data of Du Nody are 
cited in extenso. These data on the surface tensions of dilute solutions present the 
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interesting feature of exhibiting a series of minima at what are believed to be critical 
concentrations. From these minima Du Noiiy and his coworkers have computed 
molecular dimensions which in some cases are in fair agreement with those obtdiined 
by other methods. It is somewhat remarkable that no such peculiarities are ob¬ 
served in the Langmuir trough, and it would seem eminently desirable for a series of 
parallel experiments to be carried out under identical conditions. A brief account is 
given of the relationships suggested between capillary activity and various other 
properties, such as enhancement of membrane permeability, increased sensitivity in 
the precipitin reaction, and the rates of sedimentation of red blood cells and erythro¬ 
cytes. It is clear both from the divergencies in views expressed by various workers 
in these fields, as well as the lack of uniformity in the experimental results, that this 
is a fertile field ready to be cultivated by those who possess both the requisite physi¬ 
cochemical and biological experience. 

Eric K. Rideal. 

German-Enghsh Chemical Terminology. An Introduction to Chemistry in English 
and German. By A. King and H. Fromberg 21 x 13 cm.; xvii 4* 324 pp. Lon¬ 
don: Thomas Murby and Co., 1934. I^cipzig: Max Weg, 1934. Price: 12s. 6d. 
The method of this book is the use of English on each left-hand page with German 
on the right. The subject matter has been selected, from well-known textbooks of 
both languages, so as to be representative of chemistry as a whole. Original and 
translation can be compared paragraph by paragraph, and the general accuracy can 
be relied on, since the book is the joint work of an English and a German chemist. 
The other feature of this book is the printing in italics of corresponding terms of both 
languages on their first appearance in the text, with also an index of these at the end. 

The series has been started with geology; under the general editorship of Dr. W. 
R. Jones, other sciences are to follow\ 

The claim made that such books may be equally useful to both English and German 
students and that the use of dictionaries is avoided is probably true, provided that 
each know’s something of the other language. It must be remembered that exact 
translation is not always possible, and that it is often an equivalent w hich is rendered 
in the other language. With this in mind such books should prove very useful. 

W. H. Patterson. 

Bilder zur gualiiativen Mikroanalyse anorganischer Sloffe. By W. Geilmann. 23 x 
16 cm.; xii -f- 80 pp. Leipzig: Leopold Voss, 1934. Price: 8 RM. 

In view of the increasing employment of microchemical tests in qualitative analy¬ 
sis, the present small atlas of photomicrographs comes as a useful addition to the 
analyst’s library. The w^ork contains close on two hundred and fifty illustrations, 
reproduced from actual photomicrographs obtained by the author, showing the 
characteristic forms of the crystals and crystalline precipitates resulting from the 
various microchemical tests, details of which are briefly given. 

The difficulty that in the case of many reactions the appearance of the precipitate 
formed is liable to vary considerably with the concentration of the interacting solu¬ 
tions, etc., has been met by including in such cases tw^o or more separate illustrations 
of the precipitates in question, showing their appearance when formed under differing 
conditions, and thus facilitating their identification. 

A number of illustrations are also given of certain precipitates, such as zinc am¬ 
monium phosphate, which although not in themselves of value as a means of identifi¬ 
cation, are liable to be formed during the testing of mixtures, and may easily be 
misinterpreted. 

A full index is provided, and^the book is well printed, with clear and good illus¬ 
trations. 


H. F. Harwood. 
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Ergehnisae der exakten Naturmaaenachaften, Sonderabdruck atta Bd XIIL Ob$r den 
auaaeren Photoeffekt an adaorhierten ScMchten. By R. SvumiKm, 23 x 16 cm.; 
74 pp. Berlin; J. Springer, 1934. Obtainable only in complete issue. Price: 
unbound, 28 RM; bound, 29.40 RM. 

In this section of the Brgebniaae Dr. Suhrmann has given a survey of work on 
measurements of the external photoeffect for adsorbed layers. The outlook of the 
survey is for the most part experimental, and apparatus and results are illustrated in 
sixty-four diagrams. Until very recently the necessity for a really first class vacuum 
technique in work of this kind was not universally appreciated. As a result much 
of the older work is of little value. Dr. Suhrmann, however, steers a careful course 
through the maze of results available. After a preliminary historical survey he 
deals very briefly with the fundamental photoelectric laws. Many aspects of ad¬ 
sorbed layer problems are dealt with in the main section of the report, and of these 
we may mention the influence of gases and of outgassing technique on the photo¬ 
electric properties of the layers, the properties of adsorbed metal films, such as 
cesium on tungsten, the effects of temperature and of the electric field. Over two 
hundred references to original papers are appended. 

J. T, Randall. 

Ergebniaae der exakten Naturmaaenachaften, Sonderabdruck aua Bd XIIL Elek- 
triache LeitfdMgkeit elektronischer Halbleiier, By B. Gtjdden. 23 x 16 cm.; 33 pp. 
Berlin: J. Springer, 1934. Obtainable only in complete issue. Price: unbound, 
28 RM; bound, 29.40 RM. 

Semiconductors have long been one of the mysteries of physics, but during the last 
year or two the general advances of quantum mechanics have gone far towards 
sketching in the main outlines of the fundamental conducting mechanism in these 
bodies. These theoretical advances are for the most part due to A. H. Wilson and 
R. H. Fowler, but a great deal of fundamental experimental work has been done by 
Gudden and Pohl from 1920 onwards. The work of greatest importance has been done 
on single crystals, such as zinc blende, while much of practical import has been 
carried out on copper oxide, selenium, and the associated rectifying contacts. The 
general division of work falls naturally into two classes. On the one hand there are 
single crystals, on the other powdered crystals, and both these types have been in¬ 
vestigated with and without the stimulation of incident light. In the present re¬ 
print Professor Gudden has not attempted an exhaustive survey of the subject, but 
all who wish to obtain a good idea of the experimental results and their interpretation 
will do well to consult it, for it is written in a clear and simple way and is confined to 
main issues. The main items dealt with in the survey are: the existence of ionic or 
electronic conduction in semiconductors; the validity of Ohm’s Law and the question 
of specific conductivity; the effect of temperature on the conductivity; photoelectric 
effects; and an outline of modern theory. A point of interest to chemists is the fact 
that the physical properties of semiconductors are largely dependent on impurities 
which may frequently be difficult or impossible to detect by ordinary chemical means. 

J. T. Randall. 
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The double layer theory of Otto Stern may be briefly summarized as 
follows (7,12,14). The theory of Helmholtz gives values for the capacity 
of the double layer which agree approximately with those obtained from 
electrocapillary experiments. However, owing to kinetic heat motion, the 
double layer ions facing the liquid cannot have the distribution postulated 
by Helmholtz. On the other hand, Gouy^s (6) theory, which is based on 
the existence of a diffuse double layer, gives values for the capacity which 
are far too great. Stern develops his concept of the double layer in this 
manner: under the influence of the electrostatic forces of the wall, one 
type of ion forms a sheet of charges of constant density (— 0 * 0 ) directly on 
the surface of the solid phase (inner Helmholtz layer). A sheet of positive 
charges (+ (tq) (outer Helmholtz layer) would be locate^ at a distance d 
from the negative layer providing the kinetic heat motion did not exist, 
say at a temperature of zero degrees absolute. At room temperature this 
charge will acquire a certain depth. A fraction, +(ri, of the positive 
charges will face the sheet of negative ions, the rest (+p, in a column of 
liquid of 1 cm.^ cross section) extends into the interior of the solution with 
an asymptotically decreasing charge density (diffuse layer). 


(7o = <7i + P 

The electrokinetic potential, f, is the potential drop across the mobile 
component of the positive layer. According to Gouy all of the double 
layer ions, except those on the wall, are mobile with resi.)ect to hydrostatic 
forces, while according to Stern both sheets of ions comprising the Helm¬ 
holtz layer are immobile with respect to hydrostatic forces. 

In the present communication the equation for surface conductivity is 
developed, based on the layer of Stern, so as to include not only the diffuse 

' Presented before the Eleventh Colloid Symposium held at Madison, Wisconsin, 
June 14-16, 1934. 

* The work reported in this paper has been aided by a grant made by the Rocke¬ 
feller Foundation to Washington University for research in science. 
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layer ions, but also those of the outer Helmholtz layer.* The equation 
thus becomes applicable to concentrated solutions, in which the surface 
conductivities predicted by the double layer theories of Stem, on the one 
hand, and of Gouy, on the other, would be expected to show a more marked 
disagreement. By comparison with experimental surface conductivity 
values, it should then be possible to choose between the theories. 

The following cases are theoretically possible; (A) The ions attached 
to the wall possess no electrical mobility. The surface conductivity is due 
to those components of the double layer which lie in the liquid phase. 
Electrosmose, by increasing the velocity of double layer ions, these being 
carried along by the moving colunm of liquid, will increase surface con¬ 
ductivity. Case A would be expected to occur when the conductivity is 
determined with d. c. (B) The same as case A, except that no electrosmose 
occurs.* (C) All double layer ions, including those on the wall, conduct; 


* The simplified equation proposed last year (J. Phys. Chem. 36, 3157 (1932)) did 
not include the Helmholtz layer ions, nor an electrosmotic correction. It agrees with 
equation 20, independently derived by Bikerman (Z. physik. Chem. 163A, 378 (1933)), 
except for the mobility factor. Bikerman’s equation 20 is as follows: 

(a) Surface conductivity per 2 cm*. = A, h -I- A,l. 


l„ and I« are the ionic mobilities of cation and anion, while 


(b) A. - 

(c) A„ - 




irF* 


V 


- 1 




V 


- 1 


For potassium chloride, since h ^ h 


(d) Surface conductivity per 1 cm^. 


(e) Surface conductivity per 1 cm*. 






’ll! 

iHT 


Ic 


Zfl 

If can be neglected—^large ^ — 


/ DRT 2rt 

(f) Surface conductivity per 1 cm*. « ^ c e • 

* The surface conductivity measurements reported below were carried out with 
1000-cycle a.c. From The Svedberg and Hugo Anderson's paper on electrophoresis 
(Kolloid-Z. 24, 156 (1919)), we have drawn the conclusion that no significant electros¬ 
mose is likely to occur at this frequency. If this conclusion is correct the attempt 
made by some authors to explain a.c. surface conductivity data by the von Smol- 
uchowski equation—which is equivalent to the electrosmotic component of surface 
conductivity—is meaningless. 
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there is electrosmose. (D) All double layer ions conduct; there is no 
electrosmose. 

The experimental data do not permit a clean-cut choice between A-C, 
B-D to be made. Since A and B are the more conventional assumptions, 
the surface conductivity equations for these cases will be developed. 

The equation for the Stern layer is:® 



® Symbols used: 

a « area of glass particles enclosing 1 cm^ of 5 X 10”^ M potassium chloride. 


ZL 

2RT 



2RT 

e - 1 


c « concentration in moles per cm’. 

C| « 5 X moles per cm’. 

Cjj *» 3 X 10”’ moles per cm’. 
c„i = 1 X 10”’ moles per cm’, 

D « dielectric constant, 

D* = dielectric constant in Helmholtz layer. 

F =» Faraday (96,500 coulombs), 

Ao =* capacity of Helmholtz layer. 

/o =* mobility of anion. 
le = mobility of cation. 

R « gas constant (8,324 X 10^ ergs). 

T «= absolute temperature. 
u = electrosmotic velocity (cm. per second). 

Wo = electrosmotic velocity between Helmholtz and diffuse layer. 
Wm *= electrosmotic velocity in center of slit of thickness 1. 

Wii « electrosmotic velocity of outer Helmholtz layer, 
w* « WfcF, when E (electrical field) «= 1. 
z « number of ions per cm®, of outer Helmholtz layer. 

Z « moles of ions per cm®, of outer Helmholtz layer. 

2fV^c 

VMt ■ 

5 « thickness of Helmholtz layer (5 X 10“* cm. assumed). 

€ « potential drop across entire double layer. 

^ « potential drop across diffuse layer. 
rj « viscosity coefficient. 

« adsorption potential of cation. 

4>- « adsorption potential of anion. 
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It follows from the equation that the outer Helmholtz layer contains 



HT 


moles of cations per cm.* of surface 


(2) 


and 


♦-+yf 

1 I 1 **■ 


moles of anions per cm.* of surface 


(3) 


Equations 2 and 3 may be simplified; the wall is assumed to be negatively 
charged. 





IScZe 

= moles of cations per cm.* of surface 

(2a) 

f 



IScZe 

= moles of anions per cm.* of surface 

(3a) 


The concentration of cations and anions in the diffuse layer is: 

j > moles of cations per cm.* in excess of those 
' normally present. (4) 

j > moles of anions per cm.* in excess of those 
' normally present. (5) 

Since the Stem layer consists of a diffuse (Gouy) layer and a Helmholtz 
layer, we can use, for the value of the conductivity of the former (uni¬ 
univalent salts), the sum of Bikerman’s (1) equations 19 and 23. It is: 


Specific surface conductivity of diffuse layer (with electrosmose) = 



The specific surface conductivity expressed in equation 6 is based on the 
assumption that, at the boundary of the diffuse layer near the wall (z = 0), 
the electrosmotic velocity m = 0. This is not the case for the Stem layer, 
for we have, at the boundary of the diffuse layer (z = 0): 



u ^ Uh ^ 


E.D*.(€-r) 


(7) 
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This is the velocity of the outer Helmholtz layer. This means that integra¬ 
tion of Bikerman’s* equation 10 now involves the boundary conditions 

when a: = L where the thickness of the Helmholtz layer is neglected; 


Uh 


r) 

iirrj 


(9) 


when X = 0. Performing the integration, Bikerman's equation 12 now 
becomes (see footnote 7) 


g • H. r j g • D* ■ (t - r) 

4irti iirrt 


(9) 


The increase m conductivity (A*) of the diffuse layer, caused by the 
movement of the outer Helmholtz layer, is 


A* = 




( 10 ) 


When the potential (« — (■) in equation 7 is expressed in terms of charge 
(equations 2a and 3a, multiplied by F) and capacity of the Helmholtz 
condenser, we get 




-:±-zLL] 


< RT 

RT > 

E^i 

i-18cZF\e 

/ 

V 


( 11 ) 


The conductivity of the diffuse (Gouy) layer is the sum of equations 6 and 
10; or, substituting equation 11 in equation 10, 


(^»e««* _ i)j 


’’ dx* 


dx. 


The left'-hand side represents the electrical force causing osmosis which is exerted on 
a volume of solution of 1 X 1 X dx cm^ The right-hand side is the frictional force 
counterbalancing the electrical force. 

^ From equation 9 the important conclusion follows that electrosmose may still 
occur when f « 0, since the Helmholta layer still exists. See Monaghan, White, and 
Urban: J. Phys. Chem., May, 1935. 
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Specific surface conductivity of diffuse (Gouy) part of Stem layer 

(with electrosmose) 



/ -**+rt 


, r ,, , DRT , f *. 6 • 18cZ \e 

■l I 1T -7i -1- 


2jr)j 


3 ) 


la + 


DRT _ F^-d-l ScZ \e 

2iri; 


{ «r «r ) 

\p - e / 


( 12 ) 


The conductivity of the outer Helmholtz layer has to be added to the 
diffuse layer conductivity expressed in equation 12. The former is com¬ 
posed of two parts: the‘conductivity of the outer Helmholtz layer ions; 
the excess conductivity shown by these ions because the liquid moves. 
The total conductivity will be equal to: 


I X 1. -H I 


/Moles of cations in outer) 

\ Helmholtz layer 

/Moles of cations in outer 


/Moles of anions in outer) 
Helmholtz layer / 


X la 


+ 


\ Helmholtz layer 


Moles of anions in outer) 
Helmholtz layer J 


M* 


(13) 




UikF 

E ’ 


where E is the applied potential. 


Substituting from equations 2a, 3a, and 11: 


Specific surface conductivity of outer Helmholtz layer (with electros¬ 
mose) = 

IScZe . U + IScZe /. -f — \l8cZe - IScZe / 

ij 

The specific surface conductivity of the entire (Stem) double layer is the 
sum of equations 12 and 14. 

When no electrosmose occurs (high frequency a.c.), the specific surface 
conductivity becomes: 


Specific surface conductivity (no electrosmose) 



(15) 


EXPERIMENTAL 

The surface conductivity was determined in the following manner. Py- 
rex glass particles were equilibrated with potassium chloride and sodium 
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chloride solutions (1.25 X 10~^ ikf to 1 X 10““* M), transferred to a con¬ 
ductivity cell, and the conductivity as well as the volume of the particles 
carefully determined. After deducting bulk from observed conductivity, 
the difference represented the total surface conductivity. The surface 
area of the glass particles being known,® the specific surface conductivity 
(conductivity per cm.*) is also known. 



Fig. 1 

The experimental determination of specific surface conductivities will 
now be discussed. 


1, Apparatus 

The measurements were carried out in a kerosene bath (9) at 25.000® db 
0.002®C. The conductivity cell was constructed of Pyrex glass and had 
a ground glass joint stopper (figure 1). It was graduated and carefully 


* See section 10, below. 
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calibrated. The Wheatstone bridge was a 5-diaI Gray instrument, coils 
accurate to 0.025 per cent. The current was supplied by a Leeds and 
Northrup 1000-cycle motor generator. The cathetometer used read to 
0.02 mm.; 0.01 mm. could be estimated.* This permitted the volume of 
the Pyrex glass particles (52-55 cc.) to be read to i 0.005 cc. The volume 
readings were taken with the conductivity cell in the constant temperature 
bath. The salts used were Kahlbaum’s “Zur Analyse” grade. The inter¬ 
ferometer was a Zeiss instrument. 

The need for careful measurements is obvious, as surface conductivity 
is obtained by subtracting bulk conducthaty from observed conductivity. 
Dividing total surface conductivity by the area of the glass particles gives 
the conductivity per cm.* of surface. As was pointed out previously, the 
micro surface structure should not affect this calculation. 

8. Volume occupied by constant amount of Pyrex glass particles as a function 
of electrolyte concentration 

We early noticed that a given amount of Pyrex glass particles does not 
occupy the same volume in solutions of different electrol 3 d,e concentra¬ 
tion.’® This phenomenon had already been ob8er\’ed by Wo. Ostwald and 
von Buzagh (5, 11, 16). The latter observed a volume change of as high 
as 55 per cent, when quartz particles were transferred from water to l)en- 
zene. Neglect of this factor may lead to serious errors in surface conduc¬ 
tivity measurements.” 

S. Effect of the amount of Pyrex glass particles in the cell on the cell constant 

When a small amount of Pyrex glass particles is used, such that the elec¬ 
trodes are just covered by the particles, a value for the cell constant is 
obtained which is less than the one found when more particles are placed in 
the cell. In both cases the remainder of the cell volume is filled with solu¬ 
tion to the same mark. As more and more particles are added, the differ¬ 
ences in cell constant grow less. Finally a region is reached where the 
cell constant is unaffected by further addition of glass particles. The 
measurements must be performed with amounts of glass particles which lie 
in this region. Otherwise the volume changes discussed in section 2 will 
bring about unknown changes in the cell constant. 

* We are indebted to Prof. A. L. Hughes for the loan of this instrument. 

The effect of vibration on sedimentation volume must not be confused with the 
above effect. 

Fairbrother and Balkin (J. Chem. Soc. 1931, Part 1,1664-78) obtained their cell 
constant in aqueous 0.1 AT potassium chloride and applied this value to measurements 
in benzene solutions. They make no mention of a volume correction. 
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If. The size of the Pyrex glass 'particles and its influence on the reliability 

of the measurements 

The particles were obtained by grinding Pyrex chemical glassware in a 
mortar and sieving. The fraction between 100 and 200 mesh was retained, 
weighed, washed one hundred times with boiling distilled water, equili¬ 
brated with potassium chloride solution, and transferred to the conduc¬ 
tivity cell. 

Under these conditions it was difficult to duplicate our readings. Some 
improvement was noted after the cell and contents had been shaken vigor¬ 
ously and after the powder had settled spontaneously in the thermostat. 
But as the powder surface was still cloudy and uneven, the volume measure- 


TABLE 1 

Constancy of sedimentation volumes and resistance 


SOLUTION 

VOLUME 

RESISTANCE 


CC, 

ohvis 

1.25 X 10-*M KCl 

52.06, 

8 975 X 10* 


51 97, 

9 055 X 10^ 


51 92^ 

9 075 X 10^ 


51 92, 

9.044 X 10^ 


52 09, 

9.024 X 10* 

1 X 10-2 M KCl 

51.82, 

1408.9 


51 85i 

1406 5 


51.84, 

1409.8 


51 94, 

1406.4 


51.89, 

1405.0 


51 81o 

1409.2 


51.80, 

1409.0 


meats were of doubtful value. Finally the difficulty was overcome by 
using only the particles which settled within 1 minute. This powder 
gave sharply defined horizontal surfaces and reproducible volume and con¬ 
ductivity measurements, as shown by a representative experiment (table 
1). The estimate of the area of all the glass powder, based on micro¬ 
scopic observation of about two hundred particles, is 20,000 cm^. This 
value is probably too low, as no correction for surface curvature was 
applied. The area determined by surface conductance is 27,000 cm^. 

d. Change in cell constant {Parker effecty^ 

The Parker effect of a conductivity cell comprises a set of factors, such 
as construction of the cell, bridge set-up, etc., which result in a variation 

” G. Jones and G. M. Bollinger (J. Am. Chem, Soc. 53, 411 (1931) made a careful 
study of this effect. All references will be found in their paper. 
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of cell constant with concentration. The effect wras evaluated from conduc¬ 
tivity measurements in 2.5 X 10~*, 1 X 10“*, 3 X 10“*, 3 X 10“*, 7 X 10“*, 
9 X 10“*, 1 X 10“', and 2.5 X 10“’ M potassium chloride. The values 
for the specific conductivity of these solutions were taken from a paper 
by Shedlovsky (13).'* The observed resistances of these solutions in our 
cell covered the range 56-44,000 ohms. The cell constant is expressed by 
the empirical equation 

Cell constant = 0.6970 — 0.00265 log R 

from which the percentage change of the cell constant at two different 
resistances can be calculated. The equation holds to about 60 ohms. Be¬ 
low this value, polarization of the electrodes begins to exert an influence 
on cell constants. 

It should be shown next that the percentage change of the constant 
with resistance is iminfluenced by the presence of glass particles between 
the electrodes. On account of surface conductivity, cell constants cannot 
be calculated from conductivity measurements, except in concentrated 
solutions. 

Hence the following procedure was adopted. The glass particles and 
solution were placed inside of a sealed, flat-bottomed glass tube which was 
coaxially cemented inside the conductivity cell. The annular space be¬ 
tween the conductivity cell wall and the glass tube was then filled with a 
series of known solutions and their conductivities determined. The per¬ 
centage variation of the cell constant was found to be the same as before. 

6. Equilibration of electrodes 

It is known that platinized platinum electrodes may retain adsorbed 
electrolyte with great tenacity (2). The effect is particularly noticeable 
when dilute solutions are placed in cells previously containing concentrated 
solutions. The electrodes were carefully equilibrated with the solution 
before conductivity measurements were taken. 

7. Equilibration of Pyrex glass particles 

The particles were freed from electrolyte by repeated washing with 
boiling distilled water each time, before being equilibrated with a given 
electrolyte solution. The latter was decanted and renewed until the con¬ 
ductivity of the supernatant liquid or its refractive index (interferometer) 
was the same as that of the solution taken from the volumetric glass- 
stoppered Pyrex flask. A rubber bulb was used for operating a wash 
bottle, thus preventing contamination by exhaled carbon dioxide. 

For a discuasion of Shedlovsky’s values see G. Jones and B. C. Bradshaw (J. Am. 
Chem. Soc. 66,1780 (1933)). We are indebted to Prof. Orinnell Jones for a r6sum4 of 
specific conductivity measurements (private communication). 
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8, Conductivity of the water 

The latter was always determined and the surface conductivity measure¬ 
ments of the powder were corrected accordingly. This is important in 
dilute solutions, such as 1.25 X 10”^ M potassium chloride, where the 
specific conductivity of the water amounted to 8 per cent of the specific 
conductivity of the solution. 

9. Determination of the density of the Pyrex glass particles 

The density was calculated from the volume increase in our cell, when a 
known weight of powder was added to a known volume of water. We 
found dT^ = 2.225 db 0.005. 


10, Determination of effective surface area of Pyrex particles 

The effective surface area of the particles which are in contact with 1 cm? 
of solution was calculated according to the expression: 


Cell constant 
Observ^ed resistance 


bulk specific conductivity + effective surface 
area (cm.^) X specific surface conductivity (16) 


In this equation all quantities, except the area, are known for 5 X lO"”^ M 
potassium chloride, the specific surface conductivity being 4.3 X 10“® 
mho, which is the value obtained with slits of known dimensions using 
A.c.^^ The effective surface area may l>e defined as the area of that 
portion of tlie surface in contact with 1 cm.'"^ of solution (interstitial liquid) 
which contributes to conductance. 


11, Change of cell constant with concentration 

The cell constant of the conductivity cell contaming the glass powder 
is calculated from the observed conductivity in 1 X 10“^ M potassium 
chloride. The bulk conductance is so great in this solution that the con¬ 
tribution of the surface may be neglected. At all other concentrations, 
the cell constant is found by applying the j^ercentage correction outlined 
under section 5. 

12, Correction of cell constant when the glass powder volume changes 

It has been tacitly assumed so far that a given quantity of glass powder, 
when settling spontaneously, will always occupy the same volume, irrespec- 

See Urban, Feldman, and White (J. Phys. Chem., April, 1935). The older figure 
of 2.24 X 10~*mho, obtained by White, Urban, and Van Atta (J. Phys. Chem. 36, 
1371 (1932)) does not apply in this calculation, owing to the operation of Bikerman’s 
membrane potential factor, discussed by Urban, Feldman, and White, and of elec- 
trosmose. 
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tive of the nature and concentration of the solution in which the jwwder 
is suspended. This is not the case (see section 2). 

For instance, the volume of glass powder + solution was 51.759 cc. in 
5 X 10~‘ M potassium cliloride, but 53.482 cc. in 1 X 10~‘ M potassium 
chloride (see column 2, table 3a). 

In order to cany out the calculations outlined under sections 10 and 11, 
it is necessary to determine what the cell resistance in 1 X 10~^ M potas¬ 
sium chloride would have been if the volumes of the glass particles + solu¬ 
tion had been 51.759 cc. (instead of the observed 53.482). 

The correction has been made by equation 17 


R jVr - g) 
r (V -g) 


(17) 


where R = calculated resistance at volume V (glass powder + interstitial 
liquid), 

r = observed resistance at volume V„ 
g — volume of glass particles (weight -r- density). 

Equation 17 can be tested. Thus we found that 24.79 cc. of particles 
suspended in 0.1 M potassium chloride solution gave a F, reading of 54.28 
cc. in one determination, and 53.48 in another, probably due to vibration. 
The corresponding (observed) resistances were 146.44 and 150.49, respec¬ 
tively. The resistance at the larger volume, calculated from the resistance 
at the smaller volume, is 146.48 ohms (observed 146.44 ohms). 

The factor of non-homogeneous packing does not enter into the surface 
conductivity measurements, because the particles were always allowed to 
settle spontaneously. After one determination, the cells were shaken and 
both volume and resistance were redetermined. Tliis was repeated from 
five to ten times. The volume and resistance measurements agreed closely, 
indicating that the same kind of packing always occurred under our experi¬ 
mental conditions. 


DISCUSSION 

Calculations 

The observed specific surface conductivities (tables 3a, 3b, cohunn 14) 
were next compared with the ones calculated according to equations 
12 + 14, and 15, respectively, after appropriate values for f and the con¬ 
stants had been substituted. 

The f-potentials were those of Lachs and Biczyk (10), calculated from 
their experimentally determined stream potentials. The following values 
were obtained (table 2). Since Lachs and Biczyk gave the stream poten¬ 
tials only for 1 X 10~^ 1 X 10"’, and 1 X 10"’ M potassium chloride, it 
was necessary to interpolate. When the log of the potassium chloride 
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concentration is plotted against the log of the stream potential, a nearly 
straight line is obtained. The interpolated f-potentials may, therefore, be 
considered as reasonably accurate. The interpolated Laclis and Biczyk 
f value for 5 X 10“^ M potassium chloride is 0.1209 volt; our (experimental) 
value is 0.1214 volt (17). The adsorption potentials, and 
have also been treated as constant and independent of the concentra¬ 
tion. This seems permissible in the present concentration range. 

The values for Ze and Ze were determined by solving two 
simultaneous equations, obtained by substituting f and specific surface con¬ 
ductivity (the experimental value) for the two concentrations 3 X 
and 1 X lO"’^ Af potassium chloride, in equations 12 + 14 (assumption A, 
electrosmose), and in equation 15 (assumption B, no electrosmose). These 
two solutions possess a Helmholtz layer conductance which is high com- 


TABLE 2 

Values of ^-potential at various concentrations 


CONCBNTBATION OF POTASSIUM CHLORIDE SOLUTION 

i'-POTBNTXAL 

M 

volts 

1.25 X 10-^ 

0 1100 

T 

0 

X 

0 1160 

5 X 10* 

0.1209 

1 X 10“® 

0 1226 

3 X 10-» 

0.1113 

1 X io-» 

0 0816 


pared with that of the diffuse layer. For this reason the uncertainty in the 
value of the (calculated) diffuse layer conductivity cannot greatly affect 
the fraction of the obserA^ed surface conductivity which is assigned to 
the Helmholtz layer.'® A tentative value (77 X 1.2) was used for the vis- 


and - signify adsorption ^^potcntials^^ in the outer Helmholtz layer. They 
are of the same kind as those encountered near crystal surfaces. W. H. Zachariasen 
(J. Am. Chem Soc, 64, 3841-51 (1932)) has recently developed a picture of the atomic 
arrangement in oxide glasses. He finds that atoms in glasses arc linked together by 
forces essentially as in crystals. There are extended three-dimensional networks. 
The principal difference between crystal and glass networks is symmetry and peri¬ 
odicity in the crystal and their absence in the glass network. In this connection, the 
discussion of surface forces by Irving Langmuir (J. Am. Chem. Soc. 40,1361 (1918)) is 
of interest. It may be further pointed out that the ^-potential at fused and unfused 
glass surfaces is the same. See Monaghan and White (J. Phys. Chem., in press). 

Solution of these simultaneous equations (KCl): 


2 * IX 10*5 
A (electrosmose) »* — 2.5 X 10** 

4>^. « - 8.0 X 10*® 
B (no electrosmose) * — 2.5 X 10** 

4»+ = - 6.9 X 10*® 

Solution of the two simultaneous equations (NaCl): 


-5 = 1.27 X 10*5 
~ 2.4 X 10** 

- 6.1 X 10*® 

- 2.5 X 10** 

- 7.4 X 10*« 
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cosity coefficient of the Helmholtz double layer. The correction was made 
according to the H. A. Lorentz equation, cited by Bikerman. A similar 
correction has been developed by The Svedberg and Hugo Anderson (15). 

SedimenUUion volume 

The regular decrease of the values for the interstitial solution (table 3a, 
column 4) indicates a closer approach of the particles with increasing elec¬ 
trolyte concentration. The interpretation of this phenomenon by Zocher 
(18) is this: “Beim Entladen durch Elektrolyte nimmt der Abstand zwis- 
chen den Schichten ab.” We do not believe that this shrinkage de¬ 

pends on f-potential changes alone. If the volume decrease effect were 
associated only with ^-potentials, the two should run parallel, which is not 
the case.‘^ The effective particle volume falls progressively beginning 
with 1.25 X 10~* M potassium chloride, until a second effect appears which 
again causes a rise in sedimentation volume. The f-potentials, however, 
do not decrease progressively, but go through a maximum. 

The sharp rise in sedimentation volume beginning between 3 X 10~* 
M and 1 X 10“® M potassium chloride is probably not due to a “Haftef- 
fekt” (4), since the glass particles were far from dehydrated, as evidenced 
by the fact that in 4.5 X 10“^ M thorium chloride solution the volume of 
interstitial solution is about 2 cc. less than in 3 X 10~* M potassium chlo- 


(no electrosmose) *_ = — 2.6 X 10“ — 2.5 X 10“ 

*+ - - 8.1 X 10“ - 7.5 X 10“ 


Solving for Ze and Ze , instead of for and ♦offers the advantage that Z 
does not have to be evaluated separately. 

The ratio Ze / Ze corresponds to the ratio of anions to cations in the outer 
Helmholtz layer, in the absence of a double layer electrical field, i.e., if van der Waals 
forces alone were operative (£. Hueckel, reference 8, p. 57). For potassium chloride, 
it is 0.001, i.e., for 10,000 Cl' there are 10 £■*■ in the outer Helmholtz layer. 

For the time being only approximate values can be assigned to Z, Stem uses the 


value 


1 X 10“ 
6.06 X 10»>‘ 


Since the glass particles are hydrated, Z can be approximately 


calculated by using Tammann’s (Z. anorg. Chem. 168, 1 (1026)} value of 0.092 for the 
specific volume of depolymerized water. The number of water molecules per cm’, is 


6.06 X 10»» 
0.992 X 18 


3.4 X 10". 


The approximate number of lattice points z is 


•\^3.4X10” 


1 X 10^®, compared with a value of 1.27 X for the number of lattice points per 
cm*, in a potassium chloride crystal. 

It may be concluded that the electroviscous effect must be due to more than one 
factor, in agreement with Bungenberg de Jong, Kruyt and Lens (Kolloidchem, 
Beihefte 87, 395 (1933)). 
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ride. The cause for this rise demands further investigation. It may 
possibly be connected with a rigidity change of the lyosphere which accom¬ 
panies the increase in double layer field strength. This has shrunk to a 
thickness of 2 X 10^^ cm. in 1 X 10“^ M potassium chloride, compared 
with a thickness of 55 X 10“^ in 1.25 X 10“^ M potassium chloride (see 
below). For purposes of the work presented here, an exact knowledge of 
the mechanism producing these changes is not necessary. 

The conductivity of the diffuse layer (for potassium chloride h = U) 
without electrosmose is, per cm.^ of surface. 



This is the difference between total diffuse layer ions, and the ions normally 
present. The latter quantity is 




DRTc 

2irP 


• moles of solute 


Inasmuch as 1 cm.* contains normally c moles, the thickness of the diffuse 
double layer must be 

. /Mfc / . /UM' 

y 27r^’* / y 2rFH 

The following thicknesses liave been calculated (table 4). 


Accuracy of measurements 

The observed specific surface conductivities in 3.0 X 10“* M potassium 
chloride and 1.0 X 10“* M potassium chloride are believed accurate to 
± 10 per cent. This percentage error is deduced as follows. The accuracy 
of the values in table 3a, column 9, is ±0.2 per cent; in column 10, ±0.02 
per cent. Tlie error in column 12 (total observed surface conductivity in 
1 cm.* of solution) depends on how small a fraction of column 9 it is. If 
total surface conductivity is one-tenth of total specific conductivity, the 
error is ±2 per cent; if it is one one-hundredth, the error is ±20 per cent. 
In calculating specific surface conductivity, column 14, the effective surface 
area of the powder must be known. It is obtained by dividing total sur¬ 
face conductivity in 5.0 X 10“^ M potassium chloride by 4.3 X 10~*. If 
± o is the error in total surface conductivity A, and ±5 the error in the 
specific surface conductivity B, then the error in the area will be 

•v/B*a* + 4*6* 


( 18 ) 
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On the baeis of an error of ±3.5 per cent in total surface conductivity and 
±7.5 per cent in the specific surface conductivity in 5.0 X 10“* M potas¬ 
sium chloride, the error in the area is ± 8 per cent. The percentage error 
for all values in table 3, column 14, has been estimated by the above equa¬ 
tion of Fenner (3). It is about ±10 per cent. It follows that the accu- 

TABLE 4 


Thickness of diffuse double layer in various potassium chloride solutions 


MOLES KCl PEB LITEH 

THICKNESS OF DIPPtJSB LATBB 

molea 

cm. 

1.26 X 10“^ 

5.5 X 10“« 

2.5 X lO-"^ 

3.9 X 10-« 

T 

o 

X 

2.7 X lO-* 

1 X 10-» 

1.9 X 10~« 

3 X 10-» 

1.1 X 10-* 

1 X 10-2 

0.6 X 10-® 

1 X 

0.2 X 10~« 


TABLE 6 


MOLES OF BALT PER 
LITEK 

OBSEHVEOSPB* 
CiriC SITRPACB 
CONDUCTIVITY 

CALCULATED 
ACCORDING TO 

12 + 14 (elbc- 
trosmobe) 

CALCULATED 
ACCORDING TO 

oouy’s 

DOUBLE LAYER 
(1) 

CALCULATED 
ACCORDING TO 
15 (no ELBC- 
TR08MOBE) 

CALCULATED 
ACCORDING TO 

gouy’b 

DOUBLE LAYER 

(1) 




mhos X 10"» 

mhos X 10^ 

mhos X 10 

mhos X 10 • 

mhos X 10-* 

KCl 








1,25 

X 

10“^ 

2.17 

0.93 

0.51 

0 94 

0 34 

2,5 

X 

io-< 

3 73 

1 85 

0 84 

1 97 

0.56 

6.0 

X 

10”* 

4.30 

4 18 

1.36 

4.36 

0 91 

1.0 

X 

10-> 

7 39 

8.52 

2 03 

8 61 

1 35 

3.0 

X 

10'« 

16 23 

(16.23) 

2 58 

(16.23) 

1.72 

1.0 

X 

10-* 

37.20 

(37.20) 

2.13 

(37.20) 

1 42 

NaCl 








1.25 

X 

10-< 

2.15 



0.80 

0.27 

2.5 

X 

10-< 

2.83 



1.72 

0.44 

5.0 

X 

10-* 

3 30 



3 80 

0.72 

1,0 

X 

10“* 

5 84 



7.77 

1 06 

3.0 

X 

10-* 

14 53 



(14.63) 

1.36 

1.0 

X 

10-* 

36.74 



(36.74) 

1.13 


racy of the calculated Ze values, allowing furthermore for the uncer¬ 
tainty in 5, the thickness of the Helmholtz layer, I = ionic mobility (as¬ 
sumed to be normal), and the value of f, must be of the order of ±M per 
cent. 

The error in the volume occupied by the glass particles practically can¬ 
cels out in the division described in section 12. 
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RESULTS 

The experimental data have been summarized in tables 3a and 3b, which 
are self-explanatory. 

In table 5 observed and calculated specific surface conductivities have 
been tabulated for potassium chloride and sodium chloride.^* The agree¬ 
ment between observed and calculated values is good, when the sources of 
error and the experimental difficulties are kept in mind. 

The values calculated according to Bikernian^s equations 19 and 26 
have also been included. It is seen that they are far too low. 

We interpret these results as confirming the essential accuracy of the 
Stern double layer theory which has been tested here for the first time. 

SUMMARY 

1. Specific surface conductivities of Pyrex glass particles in potassium 
chloride and sodium chloride solutions of concentration 1.25 X 10~'‘ M to 
1 X 10“* M were determined. 

2. The surface conductivities represent the same fraction of total con¬ 
ductivity as in a glass capillary of about 10/u diameter. 

3. An equation, based on the Stern double layer, for calculating specific 
surface conductivities was developed. 

4. The calculated values are in agreement with experiment; values cal¬ 
culated according to Gouy^s theory are not. 

5. Evidence is adduced to show that (a) electrosmosc may occur when 
f = 0; (b) a sudden increase in sedimentation volume need not be due to 
‘Tlafteffekt^^; (c) the electroviscous factor contains more than one 
component. 

6. The thickness of the diffuse layer has been calculated. 
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The only measurements of surface conductivity on surfaces of approxi¬ 
mately known area measured with alternating current arc those carried 
out during a period of ten years at Bristol and Stanford Universities and 
finally published in 1929 (8, 9). They comprise measurements made with 
optically polished glass and with ordinary Pyrex tubing in contact with 
aqueous solutions of potassium chloride and, in addition, measurements of 
the surface conductivity of an insoluble film of stearic acid on water. All 
yielded results of the same magnitude, namely, several mhos X when 
referred to 1 square centimeter of surface. Nevertheless, many writers 
have decided to reject these results for two reasons. In the first place, the 
conductivity is far larger than can be accounted for by current theories in 
which the phenomena are referred wholly to the outer portion of the diffuse 
part of the double layer. In the second place, the only other measurements 
from another laboratory (11) with approximately known area of surfaces 
in contact with solutions of potassium chloride have yielded little or no 
surface conductivity. 

These other measurements by White, Urban, and collaborators are 
characterized by three important features. First, the mf'asuremcnts arc 
made with direct current. Next, the liquid was kept in motion by applied 
hydrostatic pressure, streaming through the capillary. Lastly, almost 
alone amongst those who have measured the conductivity of salt solutions 
since the time of Kohlrausch, these authors have not seen fit to correct 
the observed conductivity of potassium chloride sohitions for the conduc¬ 
tivity of the solvent. This correction nullifies the very slight surface 
conductance which they report, rendering it zero or negative. 

We have now repeated with every precaution measurements with alter¬ 
nating current on systems consisting of tubing in contact with solutions of 
potassium chloride, and we have also extended and developed the measure¬ 
ments of surface conductivity of films of stearic acid, oleic acid, and pal¬ 
mitic acid on water. The results substantially confirm the previous 
measurements with alternating current, which would now appear to be 

' Presented before the Eleventh Colloid Symposium held at Madison, Wisconsin, 
June 14-16,1934 
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fully established and to require modification of any theory with which 
they are not in accord. 

We also emphasize what has been implicitly known but not fully realized 
or explicitly expressed except in papers from this laboratory (1, 6, 7), 
namely, the free mobility of the mobile ions of the double layer. In 
other words we stress the importance of the recognition of the fragility of 
the double layer. Attempts to measure electrokinetic properties of the 
double layer easily tend profoundly to modify or to destroy the object of 
measurement. 

Mobile ions lie passive in the liquid which surrounds them and in the 
absence of an applied force have neither any definite tendency towards 
directed movement nor, apart from discontinuities in the nature of the 
surface, any tendency to resist being carried along when the liquid in which 
they are embedded is moved parallel to the double layer. Any streaming 
of the liquid therefore, whether produced by applied hydrostatic pressure 
or induced by the application of direct current as in electrosmosis, sweeps 
along with it the mobile ions of the double layer. These would have to be 
replaced if the double layer is not to remain depleted. 

Surface conductance as measured can only be due to the physical pres¬ 
ence of bodily carrieirs or ions free to'move under the conditions of the 
experiment and in numbers greater than that corresponding to the ordinary 
bulk conductivity of the unchanged liquid or solution. If the mobile 
ions are being ejected from the outlet of the capillary system, the surfaf;e 
conductivity will disappear unless they are replaced. Only immobile ions 
are left upon the surface. The replacement has to occur in the stream of 
liquid at the inlet. Ordinary electrolysis cannot accomplish this, because 
it merely discharges a space charge without in any way altering the con¬ 
centration of the intermediate liquid through which the current is carried, 
as is well known in the field of transport or migration measurements. 
Especially is this evident with potassium chloride where both ions move 
with equal velocity in opposite directions, so that electrolysis through the 
entering stream of liquid cannot affect the total number of ions present, 
since a gain of one ion is exactly compensated with a loss of another of 
opposite charge and equal conductivity. Hence any loss of ions in the 
effluent cannot be replenished by ordinary electrolysis in the inflowing 
liquid. The depletion must be made good by diffusion, which requires 
time. The time required may be too great when the liquid is moving with 
appreciable velocity. 

Electrokinetic phenomena need not by any means disappear when, 
through streaming, the surface conductivity is thus partially or largely 
eliminated. Redistribution of the available charges within the capillary 
system in a direction perpendicular to the double layer will be almost 
instantaneous, and streaming potential or electrosmosis will remain 
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prominent. Thus, even surface conductivity will be actually present, 
although practically masked by the corresponding depletion of the bulk 
solution available within the capillary. 

An especially illuminating case for consideration is where there are no 
electrokinetic phenomena, either because the number of positive and 
negative points on the surface is equal, or because the surface is not charged 
anywhere but there is a general accumulation of ions in the neighborhood. 
In both cases there would be observable surface conductivity as long as the 
total number of ions in the solution exceeded that in the same volume of 
liquid outside the capillary system. Rapid flushing out with that liquid 
would sweep away the excess carriers and with it the observable surface 
conductivity. 

It follows from the considerations outlined above that one should not 
expect exact concordance between electrokinetic effects measured by 
different procedures which directly modify the preexisting double layer. 
The most striking instance of this is that observed by DuBois and Roberts 
(private communication) in one and the same system in which a f-potential 
was positive and equal to +32 millivolts as measured by streaming poten¬ 
tial, but negative and equal to —47 millivolts* as measured by electros- 
mosis. The measurements were made in immediate alternation without 
any other interference with the system. 

Finally, it is possible that certain ions in the double layer may be capable 
of a restricted excursion and so may contribute to conductance as measured 
with alternating current, whilst not being measured by direct current. A 
careful examination of Ohm^s law and comparison of the two kinds of 
current should determine this point. 

EXPERIMENTAL METHODS^ 

Three experimental methods were employed, and in each case a whole 
series of cells was designed successively to eliminate difficulties of measure¬ 
ment or interpretation. The last cells actually used in each series were of 
Pyrex glass and are illustrated in figures 1, 2, and 3. Figure 1 represents a 
cell containing seven concentric tubes between platinum electrodes which 
fill the cross section of the cell and are plane polished on the surfaces facing 
the concentric tubes. They are sufficiently far apart to permit of the 
tubes being slid in and out of each other without quite coming apart.® 
The distance between electrodes was checked by measurement with a 
travelling microscope in each experiment. The tubes were settled by 
gravity on the plane surface; in every case a mcasurerne^nt was made before 

* Experiments by J. F. F. 

* The electrodes should not be much further apart than their own diameter, and 
the inner tubes replaced by a single solid cylinder. Then each would rest firmly upon 
its base without danger of tilting. 
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and after agitation, tapping, standing undisturbed, sliding the tubes in 
and out, etc. The tubes were originally cleaned with chromic acid solution. 


1 



Fig. 1. Chll with Capillaby Spaces between Concentric Tubes 


9 

Fig. 3 

Fig. 2. Cell for Determining Surface Conductivity of the Air-Water Inter¬ 
face BY Eliminating the Effect of Bulk Conductivity 
Fig. 3. Circular Trough for Measuring Instantaneous Production of Surface 

Conductivity 
The cell is shown empty 

but were kept under constant changes of water or solution for periods of 
months. The final measurements were taken after a year of continuous 
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use since the last cleaning with chromic acid solution.^ Recleaning was 
effected by heating to 400-500®C. The cell in figure 2 was heated in a 
blast flame. That in figure 3 was likewise heated in a free flame and in a 
muffle furnace. 

Figure 2 for insoluble or slightly soluble films on water is a modification 
of that used by Peaker. The cell is first measured full of conductivity 
water; then again, without opening, with the meniscus immediately above 
the electrodes but not touching them. The ratio gives the ratio of bulk 
conductivities for the two positions. Without moving the meniscus, the 
film is placed upon the surface and ample time is allowed for equilibrium. 
The additional conductivity consists of surface conductivity and additional 
bulk conductivity. The latter is determined by raising the meniscus to 
the top position, applying the ratio previously determined. The cell is 
opened only to introduce the surface film. Excess liquid is stored in the 
side arm. The two essential points are that neither the electrodes nor 
their supports should come into contact with the surface, which might cover 
them with an insulating film. This requires correct adjustment of the 
size and position of the side arm. 

Figure 3 is for nearly instantaneous observations of the production of 
surface conductivity. Here again neither the electrodes nor their supports 
touch the surface. The diameter is at least 12 cm. to avoid alterations in 
level at the electrodes due to surface tension changes at the walls. 

Measurements were in all cases made by the latest Leeds and Northnip 
equipment, the Grinnell Jones bridge. Any supplementary resistances 
used were Curtis wound coils. The oil thermostat was adjusted to 25.00° 
db 0.005°C. Potassium chloride solutions were made up by weight by the 
method of Parker and Parker. The specific conductivity of the water was 
0.4-0.5 X 10~® mho. Kahlbaum's best stearic and palmitic acids were 
used, together with some specially pure fatty acids made by Dr. Lepovsky 
of the University of California. In all cases they were repeatedly ex¬ 
tracted with conductivity water before use. 

EXPERIMENTAL DATA WITH CONCENTRIC TUBES (FIGURE 1) 

The value of observed resistance represents in the case of each concen¬ 
tration a mean of many separate determinations which agree very closely 
among themselves. The cell was emptied and refilled with fresh solution 
several times, and the tubes were slid back and forth between individual 
measurements. The cell was always placed accurately vertical in the oil 
thermostat. At the end of measurements on one concentration the tubes 
were removed and the cell constant measured or remeasured before pro¬ 
ceeding to the next higher concentration. In each instance the measured 

* Compare the similar prolonged treatment described on p. 3299 of a previous 
communication (9). 
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resistance without tubes agreed with the resistance calculated from the 
dimensions of the cell within 0.1 per cent. Dimensions of cell and tubes 
were as follows: cross section of tubes, 0.959 sq. cm.; length of tubes, 
2.94 cm.; cross section of cell, 1.246 sq. cm.; distance between electrodes, 
5.450 cm.; “surface cross section,” 18.50 cm. (sum of circumferences). 
Observed values of specific surface conductivities are high because the 
microscopic surface of the tubes is much larger than the apparent area. 
These results were confirmed with a complete series of measurements with 
the same set of tubes in an earlier design of cell which, however, did not 
allow as exact an evaluation of k, because it was not truly cylindrical. 

Rapid streaming of the liquid through the tubes always caused a rise in 
resistance which continued usually to a point at which there was no surface 
conductivity, thus demonstrating the fragility of the double layer. 

EXPEBIMENTAIi DATA ON INSOLUBLE FILMS IN CLOSED CELL (fIGUBE 2) 

This cell gives consistently reproducible results for surface conductivity 
of acid films on water. It was cleaned by heating in an oven at 450-500°C., 
then filled with conductivity water to the proper level, closed and placed 
in a thermostat at 25'’C. to come to equilibrium. The cell was carefully 
levelled so that the tops of the electrodes were horizontal. In general the 
contents of the cell reached equilibrium with the enclosed atmosphere in 
about twenty-four hours, at which time it was possible to pour the water 
back and forth without changing the resistance of the cell by as much as 
0.1 per cent. Two resistances were measured: (I) resistance of the cell 
with all the water in the main cell and the meniscus far above the tops of 
the electrodes, and (II) resistance of the cell with part of the water poured 
into the side bulb so that the surface of the liquid was just above the upper 
edges of the electrodes.* Care was taken so that no part of the electrodes 
or supports broke the surface. 

After completion of the first two measurements, the cell was opened and 
the surface of the liquid in both the main cell and side bulb coated with the 
acid film. Again the cell was closed and allowed to stand for twenty-four 
hours to come into equilibrium with the surface film. Extreme precautions 
were observed to change neither the position of the cell nor the height of 
the meniscus during contamination. 

With equilibrium reestablished, two more resistances were measured: 

III, resistance of the cell with the meniscus unchanged since measurement 
II, but with the addition of the surface conductivity of the film and a 
certain bulk conductivity due to a slight solubility of the fatty acid, and 

IV, resistance of the cell with the meniscus again raised above the edges of 
the electrodes as in position I. Resistance IV is lower than resistance I 

' No difference was observed in the ratio of resistances I and II using conductivity 
water and using N/1000 potassium chloride. 



MAGNITUDE OF SURFACE CONDUCTIVITY 


337 


because of the conductivity of the small amount of dissolved fatty acid, 
and also probably because of a certain amount of contamination from the 
atmosphere when the cell was opened. 

The total surface conductivity is deduced from resistance III by calculat¬ 
ing from resistance IV and the ratio between II and I the value for bulk 
conductance only, and hence necessarily taking the difference as surface 
conductivity. This is then corrected to specific surface conductivity from 
the dimensions of the electrodes. For example, in the first experiment in 
the table, calculated resistance = (46,970 X 72,450)/59,350 = 57,340; 
observed (III), 56,140. Difference in conductivity = 1/56,140 — 1/57,340 
== 37.3 X 10“® mho. Hence specific surface conductivity = 3.73 X 
10"“® mho. 

EXPERIMENTAL DATA ON INSOLUBLE FILMS IN CIRCULAR TROUGH (FIGURE 3) 

The experiments of this section are presented in the form of three graphs^ 
representing the eff(?ct of a film of oleic acid upon the time-resistance 
curves of conductivity water in the cell. After long investigation it was 
discovered that it is necessary to stir the surface thoroughly before the 
film is placed thereon; otherwise the mechanical disturbance accompanying 
the spreading of the film affects the resistance so seriously as to mask any 
surface conductivity which may be produced. 

When the uncontaminated surface is stirred vigorously with a clean 
glass rod, the resistance rises immediately to a maximum and falls rapidly 
again after agitation ceases. The reason for this is either that atmospheric 
impurities are absorbed to form at the surface a thin conducting layer of 
solution which is replaced by pure water from the lower part of the cell 
during stirring, or that the highly cleaned surfaces of glass and platinum 
adsorb the impurities from the liquid in contact with them. 

After the cell had been heated in a free flame, allowed to cool, and 
filled with conductivity water, tests with flowers of sulfur showed repeat¬ 
edly that the surface of the liquid was clean and free from any premature 
contamination; the small particles could be blown about freely and without 
hindrance. Consequently the prior technique of brushing the surface 
with a paraffined rod was discontinued in the final experiments as probably 
superfluous. 

Upon contamination with the oleic acid there is a rapid drop in resistance 
which is partly or wholly due to the surface conductance of the film. It has 
often been observed that a surface film tends to prevent contamination 
from the atmosphere, so that the total drop may be caused by surface 
conductance and not partially by solution of carbon dioxide or other con¬ 
taminants from the enclosed atmosphere. When the acid film is disturbed 
by further stirring after contamination, a momentary rise in resistance 
takes place, which is attributed to a partial destruction of surface con- 
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TIME, MINUTES MINUTES 

Fig, 4 Fig. 5 


Fig. 4. Change in Resistance with Time in Cell (Figure 3) 

Showing effects of stirring and instantaneous production of surface conductivity 
upon adding insoluble fatty acid. 

Fig. 5. Change in Resistance with Time in Cell (Figure 3) 

Showing effects of stirring and instantaneous production of surface conductivity 
upon adding insoluble fatty acid. 



TIME, MINUTES 

Fig. 6. Change in Resistance with Time in Cell (Figube 3) 

Showing effects of stirring and instantaneous production of surface conductivity 
upon adding insoluble fatty acid. 
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ductivity by disturbance of the double layer of ions at the interface, which 
is of course immediately restored. 

Calculation of specific surface conductivity involves a selection of values 
of resistance which represent (I) resistance ot the cell without surface 
conductivity, and (II) resistance of the cell in the same condition as in (I) 
except for the addition of a surface film imparting a certain amount of 
surface conductivity. Such a selection is obviously somewhat arbitrary, 
although the order of magnitude of the surface conductivity thus calculated 
is unaffected by any reasonable choice. The experiment is too rapid for 
appreciable diffusion or alteration of bulk conductance, more especially as 
the oleic acid is practically insoluble. 

It should again be emphasized that surface conductance so measured is 
merely the amount by which the surface conductance of the oleic film 
exceeds that of the uncontaminated air-water interface. 

DISCUSSION 

The outstanding result is the magnitude of the surface conductivity 
which uniformly exceeds 10““® mlio per square centimeter, sometimes by a 
very large factor, as in the last line of table 1, p. 7. This fully confirms 
the previous findings of McBain, Peaker, King, and collaborators. The 
results with glass tubing are very high on account of the microscopically 
visible irregularities of the surface. 

The previously reported results for optically polished glass did not 
exceed 10 X 10~® mho. Of course all glass which has ever been exposed to 
water or even water vapor is superficially decomposed and corroded chemi¬ 
cally upon a molecular scale. This would tend to increase the effective 
above the apparent area, although, as has been pointed out (6), it is 
essentially only the projection of the molecular discontinuities in the 
direction of the current that is effective, and for the most part continuous 
passages of adequate cross section will be lacking. Hence this would not 
appear materially to affect the magnitude of the results. Another com¬ 
munication by DuBois and Roberts will present comprehensive electro- 
kinetic studies with these same optical surfaces. 

The f-potential found by DuBois and Roberts with 0.001 N potassium 
chloride by measurements of electrosmosis in the optically polished glass 
slit is —50 millivolts; DuBois (1) had used the value —78 millivolts 
derived from the data of Powis (10). 

No uncertainty attaches to the similar results with the air-water inter¬ 
face, which is ideally plane. The surface conductivity therefore exceeds 
in order of magnitude that currently calculated® for the mobile ions of the 
diffuse part of the double layer. 

• For example, Bikermann (Z. Elektrochem. 38, 763 (1932)) and Cole (Cold Spring 
Harbor Symposia on Quantitative Biology 1, 27 (1933)). Bikermann in attempting 
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It is now well known (5) that the so-called double layer in its classical 
continuous form cannot exist, but that charges on any surface are far 
apart and often of different sign. Hence the continuous distribution pos¬ 
tulated in the cloud of ions in the diffuse double layer, based upon Poisson 
continuity of electrical charge in the surface, does not in general occur in 
the neighborhood of the surface where strictly localized conditions prevail, 
although it may be built up at relatively remote distances. This is one 
more reason for disbelieving the real occurrence of the ^-potentials classi¬ 
cally or currently calculated. 


TABLE 1 

Deduction of surface conductivity in mhos X 10* of solutions of potassium chloride in 
contact with glass, assuming that the conductivity of 1 N potassium chloride 
is not appreciably inAueneed by surface conductivity 




CONCSNTRATXON 


REMARKS 


N/im 

JV/100 

iV/lO 

JV/l 

Observed R . 

Conductivity of solvent 

83,825 

8,850 

980.4 

114.24 

Measured on bridge 

(X 10*). 

0.5 

0 4 

0.7 

0.7 

Measured in another cell 

Observed R corrected. 

84,110 

8,850 

980.4 

114.24 

Corrected for conductivity 
of solvent 

Calculated R in tubes. 

69,878 

7,263 

795.6 

91.72 

Calculated from cross sec¬ 
tion, length, specific con¬ 
ductivity 

R outside tubes. 

17,160 

1,783 

195.3 

22.52 

22.52 X ratios of specific 
conductivities 

Observed R tubes. 

66,950 

7,067 

785.1 

91.72 

(Total observed R) — (R 
outside tubes) 

Surface conductivity, IT,.. 

Specific surface conducti¬ 

62.6 

382 

1,660 


1 1 

f^obid. Romlcd, 

vity, . 

9.96 

60.8 

264 


K. X 0.159 - k. 


Surface conductivity is undoubtedly exhibited by all mobile ions whether 
in the diffuse part of the double layer or not, and also (Laing paradox) by 
all unbalanced ions attached to or within the surface. DuBois (1) has 


to defend the classical theory made the very serious error of abandonning in his 
calculation the well-known distinction between the Nemst potential t and the 
electrokinetic potential f, taking the ^-potential as 1 volt. His conclusions are 
therefore fallacious. A f-potential of 60 millivolts in his calculation would lead to 
the requirement that a film of water 0.4 A. U. thick had the viscosity and dielectric 
constant of water, although such a conclusion can carry but little weight if molecular 
dimensions retain any physical significance. 
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calculated from the data of McBain, Peaker, and King the individual 
surface conductances and mobilities which appear in the systems here 
considered. 


TABLE 2 

Surface conductivity of acid films on conductivity water (figure £) 

Cell constant (for surface conductivity): 1/10. Dimensions of electrodes (measured 
by Cambridge cathetometer): outer electrode (inside diameter), 1.932 cm.; 
inner electrode (outside diameter), 1.037 cm. 


POSITION 

RESISTANCE 

POSITION 

RESISTANCE 

POSITION 

RESISTANCE 

Stearic acid 

Stearic acid 

Palmitic acid 

I 

69,350 

I 

107,330 

I 

43,720* 

II 

72,450 

II 

150,360 

II 

48,610* 

III 

56,140 

III 

138,260 

III 

45,320* 

IV 

46,970 

IV 

104,450 

IV 

41,490* 

k. = 3.73 X 10-8 

k» = 3 98 X 10-8 

k, « 3.87 X 10-8 

Palmitic acid 

Oleic acid 

Oleic acid 

I 

51,174* 

I 

49,785 

I 

44,546* 

II 

57,003* 

II 

64,150 

II 

50,110* 

III 

48,642* 

III 

55,640 

III 

43,757* 

IV 

44,574* 

1 

IV 

45,270 

IV 

40,400* 

it. - 4 18 X 10-8 

fc. = 8 30 X 10-» 

fc, = 8 48 X 10-8 


* Cell -|- 100,000 ohm shunt. 


TABLE 3 


Surface conductivity of a film of oleic acid in a circular trough 
Cell constant: 1/27. Resistance for continuous overflow, 170,000. Surface con¬ 
ductivity of oleic acid in closed cell (figure 2) was 8.4 X 10 


FIGURE NO. 

R DURING 
STIRRING OF 
CONTAMINATED 
SURFACE (I) 

R BEFORE 
DISTURBING 
ACID FILM 

(II) 

ife, X 10» 

i 

R BEFORE 
CONTAMINA¬ 
TION (I) 

R AFTER 
CONTAMINA¬ 
TION (II) 

fc. XIO* 

4 

54,000 


2.6 

60,000 


7.2 

5 



3 1 

78,000 


4.6 

6 

74,000 

69,100 

3 5 

78,000 

70,600 

' 5 0 


If this surface conductance is not suflScient there remain but two alterna¬ 
tives. The first is that which was suggested as reasonable by Horace 
Lamb (4), namely, that slip or sliding occurs between the two parts of the 
double layer, or between ions and the surface with which they are in 
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contact, making all such ions mobile. Later authors have not endorsed 
• this point of view, although some, like Smoluchowski, suspended judgment. 

The other alternative, to adopt the terminology of Frenkel (2,3) who has 
used it for explaining conductivity of dielectrics and supraconductivity of 
metals is “polarization current” carried by discontinuous jumps of other¬ 
wise sessile ions, the charge being thus transmitted from place to place. 
In the introduction we mentioned that a variety of polarization current 
might be exhibited with alternating current when it could not be produced 
by low voltages of direct current. 

SUMMARY 

Measurements extending over the past two years demonstrate the large 
surface conductivity per square centimeter exhibited by potassium chloride 
solutions in contact with glass surfaces, and likewise by films of fatty acid 
at the air-water interface. The specific surface conductivity of close 
packed films of stearic acid is 3.8 X 10“® mho, that for palmitic acid 
4.0 X 10~® mho, and that for oleic acid 8.4 X 10~* mho. 

New designs of cells have been developed which permit a ready demon¬ 
stration of these results. 

These results are much too high to be attributable solely to the mobile 
ions in the outer portion of the diffuse double layer. 
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The kinetics of the decomposition of carboxylic acids according to the 
scheme: 


RCOOH -4 RH + CO 2 

has been studied several times. The type of acid which has been most 
thoroughly investigated is that of the jS-ketocarboxylic acids. N. 0. 
Engfeldt (6), E. Widmark (14), H. von Euler (7) and Ljunggren (10) have 
studied the decomposition of acetoacctic acid. Both the acid and the ion 
are unstable in aqueous solution. Amines catalyze the reaction. The 
decomposition of camphorcarboxylic acid and that of a-bromocamphor- 
carboxylic acid in water and in various organic solvents were studied by 
Bredig and his coworkers (2, 8, 11). These reactions were also catalyzed 
by amines. 

jS-Ketocarboxylic acids with a hydrogen atom in the a-position exist in 
two different forms, an enol and a keto form. The fact that both a- and 
7 -ketocarboxylic acids are stable has led to the hypothesis that the unstable 
form is the enol. K. J. Pedersen (13) has shown that a, a'-dimethyl- 
acetoacetic acid decomposes with even greater velocity than acetoacetic 
acid. The a,a'-dimethylacetoacetic acid cannot exist in the enol form, 
therefore in all probability the keto form is the unstable form. 

Nitroacetic acid was studied by K. J. Pedersen (12) and J. F. Heuberger 
(9). The monovalent ion decomposes unirnolecularly, w’^hile the undis¬ 
sociated acid is stable. 

The acid used for the present investigation was dibromomalonic acid. 
The decomposition of this acid 

Br 2 C(COOH )2 BraHCCOOH + CO 2 

proceeds in aqueous solution even at room temperature with measurable 
velocity. The reaction velocity was studied at different hydrogen-ion 
concentrations and different salt concentrations. Dibromoacetic acid, 
which is a product of the reaction, was stable under these conditions. 
Most of the experiments were carried out at 25®C., a few at 35®C. 
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SXPEBIUENTAL 

Preparation of dibromomalonic add 

Dibromomalonic acid was prepared by the method of Conrad and 
Beinbach (6). The crude product was purified by dissolving it in ether, 
adding toluene, and concentrating the mixture in vacuo at room tem¬ 
perature until crystallization took place. Dibromomalonic acid is very 
soluble in ether and only slightly soluble in toluene, but addition of toluene 
to the ethereal solution in amount sufficient to precipitate the dibromo¬ 
malonic acid does not yield the acid in the form of cr 3 rstals, but gives rise 
to the formation of an oil or a mixture of oil and crystals. Also the addition 
of petroleum ether to the ethereal solution gave a mixture of crystals and 
oil. The product recrystallized from the ether-toluene mixture was pure, 
except for a small amount of dibromoacetic acid (about 1 per cent). 

Experimental procedure 

The velocity of the decomposition was determined by measuring the 
pressure of the evolved carbon dioxide during the reaction by means of an 
apparatus described by J. N. Brpnsted (4). The concentration of dibro¬ 
momalonic acid at the time t is proportional to p^ — p, where is the 
pressure when the reaction is complete and p is the pressure at the time t. 
The reaction was studied in solutions containing hydrochloric acid and 
in buffer solutions. The initial concentration of dibromomalonic acid was 
in most experiments about 0.01 M; the concentration of the hydrochloric 
acid varied from 0.05 Af to 1 M; the buffer concentration was usually 
about 0.1 M. 

As dibromomalonic acid is a fairly strong acid and the concentration is 
not negligible compared with the buffer concentration used, it is necessary 
to know the dissociation constants in order to calculate the hydrogen-ion 
concentration of the mixtures. 

Dmodation constants of dibromomalonic add 

The hydrogen-ion concentration in mixtures of the acid and its salts was 
measured electrometrically by means of a quinhydrone electrode. Three 
series of mixtures with different salt concentrations were made. To. a 
weighed amount of dibromomalonic acid was added a known volume of a 
solution of sodium hydroxide and potassium chloride in such concentra¬ 
tions that the total salt concentration m the mixture after dissolution of 
the dibromomalonic acid was 0.1 N, 0.2 N, and 1 N, respectively. The 
solution was transferred into an electrode vessel fitted with a bright 
platinum electrode and quinhydrone. The potential of this electrode 
compared with a 0.1 N calomel electrode (connected through a saturated 
potassium chloride bridge) was read off as quickly as possible, and readings 
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were continued every minute for ten minutes. Owing to the decomposi¬ 
tion of dibromomalonic acid the potential falls off continually, but since 
the fall is practically linear in the first minutes, the initial value of the 
potential can be found by extrapolating to zero time. The potential was 
then determined, compared with the same calomel electrode, of an electrode 
with 0.01 N hydrochloric acid and potassium chloride to the same total 
salt concentration as that of the dibromomalonic acid solution. 

The hydrogen-ion concentration was calculated by means of the formula 


pH = 2.000 + 


^hydrochloric acid • ^d ib romomaionie acid 

0.0001984''298 


where pH stands for the logarithm of the reciprocal of the hydrogen-ion 
concentration. TThydrochionc acid and TTdibromomaionic acid are the potentials of the 


TABLE 1 


Concentration dissociation constants of dibromomalonic acid at different salt 

concent ratWns 
Temperature, 25°C. 


EQriVALENT CONCENTBATION 

OF SALT 

Ki 

K% 

N 






0 1 

1 

9 

0 

X 

10-» 

0 2 

1 

1 

25 

X 

10-2 

1 

1 

1 

70 

X 

10-2 


cells with hydrochloric acid and with dibromomalonic acid, respectively, at 
the same salt concentration, tt is considered positive when the calomel 
electrode is the negative pole of the element. 

The two ‘^concentration’^ dissociation constants can be calculated from 
the expressions 

K, = Cn ^ CBrK^iCOO-). . 

C'BriC(COOH), C'BrKKCOOHiCOO- 

or, if C,cid be the total concentration of dibromomalonic acid and Cba,, tlie 
initial concentration of sodium hydroxide; 

KvK,{2C^ii - (Cb„, + Ch)) + KyCn (C.cid - (Cb.., -H Ch)) = C?i(Cba„ -f- ph) 

The average values from several series of determinations are collected in 
table 1. These values (especially those of Ki) are only to be looked upon 
as approximate, owing to the magnitude of Ki and K 2 . 

The dissociation constant of dibromoacetic acid at 0.1 salt concen¬ 
tration was determined in a similar way and found to be = 6.9 X 10~*. 
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ExperimerUs in solutions of hydroMoric acid 

The solutions were of three types; (1) x M hydrochloric acid, (1 — x) M 
potassium chloride; (2) x M hydrochloric acid, (0.2 — x) M potassium 
chloride; (3) x M hydrochloric acid, (0.1 — x) M potassium chloride. 
The reaction followed the first-order law 

— kt = logo + const. = log — p) + const. (1) 

The velocity constant was calculated by means of decadic logarithms, t 
being the time in minutes. 

The results of the experiments are given in tables 2a, 3a, and 4a. 

ExperimerUs in buffer soltUions 

The solutions were of the following types: (1) x M hydrochloric acid, 
(0.1 — x) M glycine, (0.1 — x) M sodium chloride; (2) x M hydrochloric 
acid, (0.1 — x) M secondary soVium citrate; (3) x M h 3 rdrochloric acid, 
(0.2 — x) ilf glycine, (0.2 — x) M sodium chloride; (4) x M sodium hy¬ 
droxide, 0.1 M citric acid + potassium chloride to a total salt concentra¬ 
tion of 1 N; (5) X M acetic acid, (0.1 — x) M sodium acetate to a total 
salt concentration of 1 iV; (6) x M hydrochloric acid, (0.2 — x) Af glycine -h 
potassium chloride to a total salt concentration of 1 iV; (7) A few experi¬ 
ments were performed in solutions with double buffer concentration but 
with the same total salt concentration as in Nos. 4 and 5. Af is the number 
of moles dissolved in 1 liter, neglecting reactions which may have taken 
place after mixing. 

While the reaction in solutions of hydrochloric acid strictly follows the 
first-order law, k calculated from equation 1 in the experiments in buffer 
solutions falls off during the reaction. This is due to a decrease in the 
hydrogen-ion concentration accompanying the decomposition of dibromo- 
malonic acid, and will be further discussed later on. The falling-off of k 
is not very marked, and the initial value of k can be determined with 
sufficient accuracy by extrapolating graphically to zero time. The values 
of k computed in this way are given in tables 2b, 2c, 2d, 3b, 4b, and 4c. 

The hydrogen-ion concentration of the different buffer solutions can be 
calculated if the dissociation constants of the acids are known. At 0.1 iV 
salt the following values found by Bjerrum (1) were used: 

Glycine pK = 2.359 — 0.041 c 0.18c 

Citric acid pK x= 3.080 — 0.46 + 0.18c 

Citric acid pK = 4.799 — 1.04 + 0.18c 

Citric acid pK = 6.443 — 1.71 c + 0.18c 
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TABLE 2 

Decomposition of dibromomalonic acid at 


Total salt concentration, 1 N 

(a) HCl + KCl 


* HCl 

DIBBOlfO- 
MAXiONXO AaD 


pH 

k 

k 

a 

M 

1 00 
0.75 

M 

0.00924 

0.755 

0 

0.122 

2 83 X 10~> 

3 25 X lO"* 

5.7 X 10-® 

5 9 X 10-® 

0 50 

0.01023 

0 507 

0 295 

4 04 X 10-* 

6.2 X 10-® 

0.25 

0.00977 

0 258 

0.588 

4 53 X lO-s 

6,0 X 10-® 

0 20 

0.00936 

0.209 

0 680 

4 56 X 10“8 

5.9 X 10-® 

0 10 

0.00853 

0 109 

0.963 

4 48 X 10“» 

5.7 X 10-® 

0.08 

0 00961 

0 0907 

1.042 

4 22 X 10-* 

5 4 X 10-® 

0 05 

0 00929 

0.0612 

1.213 

4 10 X 10-» 

5.6 X 10-® 

« i 

0 0215 ! 

0 0290 

1 54 

3 31 X 10-® 

5 4 X 10-» 


(b) Glycine buffer *f KCl 


HCl, 

aLYCINR 

DIBROMO- 
MAliONlC AaD 

pH 

k 

k 

a 

M 

M 

M 




0 16 

0 04 

0.00962 

0 90 

4 58 X 10-» 

5 8 X 10~® 


(c) Citric acid buffer + KCl 


CITRIC Aao 

PRIMARY 

CITRATE 

OIBROMO- 
MALONIC ACID ! 

pH 

k 

k 

a 

M 

M 

M j 




0 18 

0 02 

0 00960 

1 84 

2 55 X 10-® 

5 5 X 10-® 

0 07 

0.03 

0 00912 

2 18 

1 49 X 10-» 

5 4 X 10-® 

0 05 

0 05 

0 00866 

2 51 

8 27 X 10-< 

5 5 X 10-® 

PRIMARY 

fiSCONDARY 





CITRATE 

CITRATE 





M 

M 





0.10 

0 

0.00861 

3.20 

1.92 X 10-* 

5.4 X 10-® 

0.08 

0 02 

0.00930 

3 44 

1 08 X lO--* 

5 2 X 10-® 

0.06 

0.04 

0.00970 

3.70 

6 90 X 10-® 

5 9 X 10“® 


(d) Acetic acid buffer + KCl 


ACETIC ACID 




Jt 

k 

a 

M 

M 

M 




0.10 

0.10 

0.0211 

4.14 

2.01 X 10-» 

4 8 X 10”® 

0,04 

0.06 

0.0100 

4 35 

1.26 X 10-® 

4 8 X 10”® 

0.02 

0.08 

0 0100 

4 71 

5 1 X 10-« 

4 5 X 10”® 
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TABLE 3 

Decomposition of dibromomalonic acid at 


Total salt concentration, 0.2 N 

(a) HCl + KCl 


HCl 

DIBROMO- 
MALOmC ACID 

Ch 

pH 

k 

^ $ 
a 

M 

0.20 

M 

0.00935 

0.208 

0.68 

4.07 X 10“» 

5.1 X 10~> 

0.10 

0.00934 

0.1095 

0.96 

4.26 X 10-» 

6.2 X 10“3 

0.08 

0.00936 

0.0899 

1.05 

4.40 X 10-8 

5 4 X 10-3 

0.06 

0.00907 

0 0605 

1.22 

4.12 X 10“8 

5.1 X 10-3 


(b) Glycine buffer 


HCl 1 

1 

aLYCINB 

DIBROMO¬ 
MALONIC ACID 

pH 

k 

k 

at 

M 

0.16 

M 

0.04 

Af 

0.00939 

0 89 

4,37 X 10-» 

5.4 X 10-3 

0.14 

0.06 

0.00946 

1.04 

3 98 X 10-3 

4 9 X 10-» 

0.12 

0 08 

0 00930 

1.24 

3 86 X 10-» 

4.9 X 10-3 

0.10 

0.10 

0.00972 

1.55 

3.66 X 10-a 

5.4 X 10-3 

0.08 

0.12 

0.00920 

1.97 

2.54 X 10-» 

5.5 X 10-3 

0.06 

0.14 

0.00940 

2.31 

1 44 X 10 

5 1 X 10-3 

0.04 

0.16 

0.00928 

2 62 

7 72 X 10-‘ 

4.9 X 10-3 


TABLE 4 

Decomposition of dibromomalonic acid at 
Total salt concentration, 0.1 iV^ 


(a) HCl + KCl 


HCl 



pH 

k 

Jc 

a 

M 

0.10 

M 

0.00970 

0.110 

0 96 

4 31 X 10-3 

SOX 10-3 

0.08 

0.00932 

0.0896 

1.05 

4.25 X 10-3 

sox 10-3 

0 05 

0.00969 

0 0605 

1.22 

4.24 X 10-3 

5.1 X 10-3 


(b) Glycine buffer 


HCl 

QLTGINB 

DIBROMO¬ 
MALONIC ACID 

pH 

k 

1 

a 

M 

■■i 

M 






0.00952 


4.18 X 10-3 

6.0 X 10-» 

■EH 


0.00946 

1.29 

4.06 X 10-3 

5.0 X 10-» 

0 06 

0.04 

0.00921 

1.46 

3.76 X 10-3 

4 9 X 10-» 

0.05 

0.05 

0.00950 

1.68 

3.29 X 10-3 

4.9 X 10-» 

0.04 

0.06 

0.00979 

1.96 

2.78 X 10-3 

6.0 X 10-» 

0.03 

0.07 

0 00966 

2.22 

1.84 X 10-3 

4.6 X 10-> 

0.02 

0.08 

0.00938 


1.20 X 10-3 

4,7 X 10-» 
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TABLE 4 —Concluded 


(c) Citric acid buffer 


HCl 

SECONDARY 

CITRATE 

niBROMO- 
MALONIC ACID 

pH 

k 

k 

a 

M 

M 

M 




0 08 

0.02 

0 00937 

1.29 

4 25 X 10-3 

6.3 X 10-3 

0 07 

0 03 

0 00962 

1 62 

3 68 X 10-3 

5 3 X 10-» 

0.06 

0.04 

0.00947 

2 34 

1 58 X 10 

4 8 X 10-3 

0 05 

0 05 

0 00935 

3 08 

4 20 X 10-^ 

4 9 X 10-3 

0.04 

0 06 

0 00955 

3 64 

9 97 X 10-*^ 

4 5 X 10-3 

0 03 

0 07 

0 00939 

4.06 

5 40 X 10“^ 

5 6 X 10-3 

0 02 

0 08 

0 01013 

4.30 

2 3 X 10-s 

4 1 X 10-3 

0 01 

0.09 

0.00975 

4.55 

15 X 10 « 

4 9 X 10-3 
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Fig, 1. Experiments in 1 iV Salt Solutions 
fc, velocity constant of the decomposition of dibromomalonic acid, 
a, fraction of dibromomalonic acid present as Br 2 C(COOH)COO“. 

O , experiments in solutions of hydrochloric acid and potassium chloride. 
A , experiments in solutions of glycine bufferand potassium chloride. 

□ , experiments in solutions of citric acid buffer and potassium chloride. 

V , experiments in solutions of acetic acid buffer and potassium chloride. 


pK is the logarithm of the reciprocal of the concentration dissociation 
constant; c is the equivalent salt concentration. These formulas are valid 
up to 0.1 N salt concentration. 
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At 0.2 N and 1 N salt concentration no such values could be found in the 
literature, and it was necessary to determine the dissociation constants of 
glycine at 0.2 N salt concentration and of citric acid and acetic acid at liV* 
salt concentration. This was carried out in a manner similar to that de¬ 
scribed for dibromomalonic acid. The results of the measurements were: 


Glycine K = 4.68 X 10~^.0.2 iV" sa It at 25®C. 

Citric acid Ki= 1.71 X lO-*! 

Citric acid X 2 = 8.05 X 10""®)-. IN salt at 25®C. 

Acetic acid K = 2.95 X 10“®] 


By means of these constants and those found for dibromomalonic acid the 
initial hydrogen-ion concentration in each experiment was calculated. 
In column 4 of tables 2, 3, and 4 the pH of the solutions is given. In 
figure 1 log k is plotted against pH. The curve shows a maximum at about 
pH 0.9; from pH ca. 2.5 it approaches a straight line. 

Inflmnce of temperature 

A few experiments were carried out at 35®C. to determine the influence of 
temperature on the reaction velocity. 


DISCUSSION 

In solution dibromomalonic acid is present partly as the undissociated 
acid, partly as the ions Br 2 C(COOH)COO"' and Br 2 C(COO'") 2 . On 
figure 1 log k and (log a — 2), where a is the fraction of dibromomalonic 
acid present as the univalent ion, are plotted against pH. The two curves 
seem to be very nearly parallel. This leads to the conclusion that the 
unstable compound is the univalent ion. 

In the last column of tables 2, 3, and 4, k/a is given. This quantity is 
fairly constant over a wide-range of pH, i.e., 

d log c , ^ 

-ar 

where Q is a constant and c the total concentration of dibromomalonic 
acid, or 


the rate of decomposition is proportional to the concentration of the uni¬ 
valent ion.^ 


* According to the mass action law we have 


Ki 


(1 - « - iS) 


Con (1 - a - jS) 


and Kt 


Cn-& 

et 


a is proportional to Ch-/ 8 and to CoH (1 — a — /3), and the constancy of k/a might just 
as well be explained by assuming hydrogen*ion catalysis on the divalent ion or 
hydroxyl-ion catalysis on the undissociated acid. 
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The Br 2 C(COO ~)2 ion seems to be stable. After two months at pH 10, 
no detectable amounts of carbonate were formed. 

Whether or not the undissociated acid is stable cannot be demonstrated 
in aqueous solution, as the univalent ion even at pH 0 is present in an 
amount sufficient to conceal a possible decomposition of the undissociated 
acid. The decomposition of the acid might be shown by experiments in 
non-ionizing solvents. Such experiments are now in progress. 

hja is constant not only in the experiments in solutions of hydrochloric 
acid, but also in the buffer solutions. This indicates that there is no gen¬ 
eral acid or base catalysis. 

According to Br0nsted (3) the kinetic salt effect can be divided into two 
groups: (1) a primary salt effect, which consists in a direct influence on the 
reaction velocity of a reacting molecule, and (2) a secondary salt effect 
which is the influence on the reaction velocity caused by a change in the 
concentration of the reacting molecules. A thorough investigation of the 


TABLE 5 

Experiments in 1 N salt solutions at S5°C. 


HCl 

dibromomalonic 

ACID 

k 


MEAN VALUE 

M 

M 




1.0 

0 01 

1 13 X 10 2 

4 08 


0 6 

0 01 

1 58 X 10-2 

4 08 

» 4 01 

0 2 

0 01 

1 86 X 10-2 

3.91 

0 1 

0 01 

1 83 X 10-2 

3 99 



salt effect requires experiments in very dilute solutions, but as the dibro- 
momalonic acid is a fairly strong acid, this would involve great changes 
in the hydrogen-ion concentration and the salt concentration during the 
reaction, thus complicating the theoretical treatment of the experimental 
material. 

In the present investigation experiments have been carried out at 0.1 N, 
0.2 AT, and 1 N salt concentrations. From the experimental data it will be 
seen that there is a marked secondary salt effect consisting in a change in 
the concentration of Br 2 C(COOH)COO“, wliile the primary salt effect is 
very small or zero. As already pointed out, there is a decrease in k during 
the reaction in the experiments in buffer solution. This may be due to a 
decrease in the hydrogen-ion concentration owing to the disappearance of 
the dibromomalonic acid. 

Example Jf, 0.05 Af hydrochloric acid, 0.05 M glycine, 0.00930 M 
dibromomalonic acid: 

At f 0, pH = 1.68 fccalcd. = 3.31 X lO^^; foound = 

3.29 X 10-^ 

After 75 per cent decomposi- ftcaiod. = 3.17 X lO*"*; fecund = 
tion, pH = 1.74 2.91 X 10-» 
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Example 2. 0.06 Af hydrochloric acid, 0.04 M secondary citrate, 0.00947 
M malonic acid: 

At < = 0, pH = 2.34 A:o»iod. = 1.62 X lO"*; fo„und = 

1.68 X 10-® 

After 75 per cent decomposi- Ac»iod. = 1.26 X 10“*; foound = 
tion, pH = 2.51 1.40 X 10“* 


Since the determination of A: is very inaccurate when the reaction is so far 
advanced, no better agreement with the calculated values could be expected. 

At 35®C. the decomposition of dibromomalonic acid is too rapid to allow 
an electrometrical determination of the dissociation constants, but as the 
maximum velocity is found to be at about the same hydrogen-ion con¬ 
centration as at 25‘’C., there seems to be no great change in these con¬ 
stants. Hence the results can be directly compared. The energy of 
activation calculated from the equation 


E = R 


d log (fe/Aii) 
d (T-i) 


is found to be = 25,000 calories per gram-molecule. 


SUMMARY 

The velocity of decomposition of dibromomalonic acid 

Bri!C(COOH )2 BrjHCCOOH -|- CO, 

in aqueous solution at 25°C. has been studied at various hydrogen-ion 
concentrations and various salt concentrations. 

At constant hydrogen-ion concentration the reaction follows the first- 
order law. The velocity is dependent upon the hydrogen-ion concentration. 

The concentration dissociation constants were determined electrometri- 
cally at various salt concentrations. 

The velocity was foxmd to be proportional to the concentration of the 
Br 2 C(COOH)COO“ ion, i.e., the reaction can be described as a spontane¬ 
ous decomposition of this ion. The velocity constant of the decomposition 
of the univalent ion in solutions containing 0.1 iV salt was found to be 
4.9 X 10“* (min.“*, decadic log.). 
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More than two hundred papers have appeared on the photovoltaic effect 
since Becquerel (1) reported his discovery of the effect in 1839. A review 
of the work that has been done, together with a summary of the theories 
that have been advanced, may be found in papers by Lifschitz and Hoog- 
houdt (16) and by Dufford (7). A brief discussion is given by Hughes and 
DuBridge in their recent book (15). 

An extensive study of the effect in Grignard compounds has been in 
progress at the Physical Laboratories of the University of Missouri for 
many years. Numerous compounds have been studied in connection with 
many different metals as electrodes. Measurable effects were observed 
in practically every case (2~6, 8-14, 17, 18). 

All Grignard compound cells are easily polarized. In general the re¬ 
sponse to light is changed by electrical polarization. The polarization is 
probably produced by affecting the adsorbed layers on the electrodes. By 
observing the effect, if any, which depolarizers would produce, it was be¬ 
lieved that additional light could be thrown upon the nature of these 
adsorbed layers. Hence this study w'as undertaken. 

APPARATUS AND MATERIALS 

The apparatus and experimental arrangements w^ere essentially those 
used by Hammond (14) with only minor changes and improvements. The 
cells were made up in 1 in. by 8 in. test tubes which were covered with black 
friction tape except for 1^ in. at the bottom. One electrode was exposed 
below the friction-tape screen, and the other w^as above the lower edge of 
the screen, thus keeping it in darkness except for light diffused by the liquid 
or reflected from the exposed electrode. 

Electrodes of copper, zinc, aluminum, iron, lead, and platinum were used 

' Abstracted from a thesis submitted to the Graduate School of the University of 
Missouri in partial fulfillment of the requirements for the degree of Doctor of Philos¬ 
ophy in Physics, August, 1932. 
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in combination with two electrolytes and two depolarizers. The electro¬ 
lytes were ethylmagnesium bromide and phenylmagnesium bromide solu¬ 
tions in ether. The depolarizers were ethyl bromide and ethyl iodide. 

EXPEBIMENTAL PEOCEDUBE 

In making Grignard compounds, especial precaution was observed in 
keeping all glassware clean and dry. Every piece was washed thoroughly, 
allowed to stand in cleaning solution for at least twenty-four hours, again 
washed, rinsed with distilled water, and allowed to dry. The ether, which 
was kept over sodium in the storeroom, was distilled over sodium at least 
once, sometimes twice, before using. Molar solutions of the Grignard 
compounds in ether were made in the usual manner and diluted, in most 
cases, to 0.5 molar solution. 

With only a few exceptions, all electrodes except platinum were brightly 
polished with steel wool just before inserting into the test tubes. In a few 
cases the oxides were left on the metals, and in a few other cases copper 
electrodes were coated with oxide by heating in an oxygen flame. Plati¬ 
num electrodes were cleaned with nitric acid, w'ashed thoroughly in dis¬ 
tilled water, dried, and flamed. 

The cells were allowed to stand in the dark, or in a relatively dark place, 
for at least thirty hours after being made up, before being put into the 
bath. There were a few exceptions to this practice when an attempt was 
made to determine the effect of standing. After being put into the bath, 
they were allowed to stand until the voltage became fairly constant, the 
time required varying from a few minutes to an hour. 

A long series of observations was made on each cell before the depolarizer 
was added. After adding the depolarizer and thoroughly mixing, the cell 
was again allowed to stand in the dark for at least thirty hours. The same 
series of observations was made after depolarizing as before. Studies were 
made of (1) the dark voltage, (2) the voltage response to light, (3) current 
strength and current response to light when the cell was connected directly 
to the galvanometer with no external voltage in the circuit, (4) current 
strength and current response to light when an external voltage in series 
with the cell was applied from the potentiometer, causing a current to flow 
in such a direction as to make the illuminated electrode the anode, (5) 
current strength and current response to light when an external voltage 
made the illuminated electrode the cathode, (6) resistance and resistance 
response to light, taken after each of the observations 1 to 5 above, and (7) 
capacitance and capacitance response to light, taken simultaneously with 
the resistance readings. This was the general plan of study, and was 
carried out quite completely except for the resistance and capacitance. 
They were omitted from the study of many cells and were observed for 
some cells after only a part of the series of readings. In many other cases 
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the resistance was measured without attempting to get the response to 
light. 

In making these observations, it was the practice to continue taking 
readings at intervals of one minute or less until the quantity (voltage, 
current, or resistance) being measured changed relatively little or not at 
all during an interval. Usually this required from four to fifteen minutes. 

A series of tests was made to determine the most effective quantity of 
depolarizer to add. The effect was studied for amounts varying from one 
drop to 10 cc. It was found that the effect on voltage and current responses 
to light increased with increasing amounts of depolarizer; but after 1 cc. 
was added the increase in the effect of the depolarizer was small. In the 
cases of resistance and capacitance the depolarizer seemed to produce no 
increased effect by adding more than 1 cc. Consequently, in most cases 
1 cc. was used. The cells contained about 40 cc. of the Grignard solutions. 

A cell was regarded as a resistance and capacitance in series, and the 
bridge equations used by Hammond (14) were employed with only slight 
simplifications. 

As will be seen in the next section, voltage-time curves, current-time 
curves, resistance-time curves, and capacitance-time curves have been 
made showing responses to light in all the variations of the study. More 
than seven hundred curves were made, but only a few are included in this 
paper. The data when assembled consisted of five hundred seventy-six 
tables. Space docs not, of course, permit the showing of more than a small 
fraction of this material, but an attempt has been made to select typical 
curves and data. 


RESULTS 

The writer believes that the curves and tables are, for the most part, 
self-explanatory. The notations concerning the curves and the headings 
of the tables were purposely made full and explicit. There are, neverthe¬ 
less, a few cases where the notations are not entirely clear without explana¬ 
tion. 

The curves are exhibited in pairs. The first curve shows the conditions 
before a depolarizer was added; the second, the conditions after the depo¬ 
larizer was added. Arrows pointing upward indicate the time at which 
the light was turned on the cell, while arrows pointing downward indicate 
the time at which the light was turned off. The coordinates arc the same 
for both curves; consequently they are omitted from the second curve of 
each pair. “No external voltage,’’ as it occurs in the tables and with the 
curves, refers to the case where a cell has been short-circuited through the 
galvanometer for several minutes, thus allowing a current to flow, due alone 
to the E.M.F. of the cell. By “anode illuminated^’ is meant that a current 
has been sent through the cell from an external voltage for some time in 
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such a direction that the electrode exposed for illumination was the anode. 
It does not mean that the anode was always illuminated at the time the 
measurement was made. 

When the light causes the voltage of the irradiated electrode to become 
more positive, or less negative, with respect to the dark electrode, the 
change is called a “positive response.^' If the light produces the reverse 
effect, the change is called a “negative response.'^ A positive resistance 
response or a positive capacitance response is a change in which the resist¬ 
ance or capacitance of the cell is increased by the action of light. A current 
response is defined as positive when the change in current would indicate a 
positive voltage response, assuming the resistance of the cell to remain 
constant. 

The current in micromicroamperes per millivolt was determined by the 
equation 

j = /Xd 
V ±E 

with E positive when the external voltage was in the direction of the e.m.f. 
of the cell, and negative when in the opposite direction. V was, of course, 
zero for cases of no external voltage. In each case / is the figure of merit 
of the galvanometer, expressed in micromicroamperes per millimeter, d 
the deflection in millimeters, E the terminal voltage of the cell, and V the 
external voltage applied. E and V are in millivolts. 

The following symbols will be used in the discussion of results: 

D = depolarizer. 

Di = ethyl bromide as depolarizer. 

D 2 = ethyl iodide as depolarizer. 

El == ethylmagnesium bromide as electrolyte. 

E 2 = phenylmagnesium bromide as electrolyte. 

= a cell having Ei as electrolyte and Di as depo¬ 
larizer. 

Pt I El (+Di) [ Pt = a cell having platinum electrodes with Ei as 
electrolyte and Di as depolarizer. 

Tables 1 and 2 are introduced for the purpose of summarizing the results 
of the whole study. The results given are as nearly typical as could be 
selected. The blank spaces indicate that no results were obtained. 
While it was the policy to use the results from the same cell in a given row, 
this was not always done. For example, in a group Pt \ Ei {+Di) ] Pt 
cells, the voltage response might be of one cell and the resistance of 
another. The numbers in parentheses indicate the number of cells from 
which the most t 3 rpical result was selected. 

The results are set out in such detail by the curves and tables that an 
extensive discussion seems quite unnecessary. However, a brief summary 
may not be undue repetition. 
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' Platinum electrodes 

An examination of the curves, figures 1 to 3, and tables 1 and 2 shows that 
(1) responses to light were negative before the addition of a depolarizer, 
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Fig. 1 


BEFORE 

OEPOLARiriNO 


AFTER AOOINfr 
CtHfl 




Fig. 3 


(2) the addition of either depolarizer reduced the responses, (3) with Ei the 
addition of either depolarizer produced no change in the direction of the 
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responses, and (4) the addition of Di to Ei caused a reversal of the direction 
of the responses. 

The dark e.m.f. was not consistently affected by either depolarizer, but 
the dark current was usually greatly increased. Increases as great as 
twelvefold were observed when A was added to Ei. 

The resistance of cells containing Ei was increased by adding either 
depolarizer, while that of cells containing Et was decreased by A- In¬ 
sufficient data are available to show the effect of D* on the resistance of Et 
cells. 



Capacitance ranged from 0.10 microfarad to 4.65 microfarads, var 3 dng 
widely with the same type of cell. The addition of A or A to A produced 
a decrease in capacitance. 

The results with platinum electrodes, shown in table 2, on resistance and 
capacitance responses are no more than slightly indicative since only one 
cell is reported. 


Copper electrodes 

The curves for cells having copper electrodes are quite characteristic. 
Figure 4 shows that the responses were almost instantaneous. Within a 
very few seconds after the li^t was turned on or off, the galvanometer (in 
the case of current responses) reached a n^aximum deflection and started 
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back. This peculiar effect may be due, at least in part, to an exceedingly 
tliin coating of cuprous oxide. 

Voltage and current responses to light are in general positive both before 
and after the addition of depolarizers. The effect of either depolarizer on 
the magnitude of the responses is much less in evidence with copper than 
with platinum electrodes, but where consistent effects were observed the 
responses were found to be reduced. 

Both depolarizers seem to have increased the resistance of cells contain¬ 
ing El. Cells containing J ?2 showed much smaller resistances after adding 
jDi, but apparently were little affected by the addition of A. Resistance 
responses were uniformly small and positive with one exception. The 


CELL NO 83^4 Mo Or/Ca 
RESISTANCE NO FORMING 




AFTER ADDING 
Cl Hi 



CELL NO B Cu/* MG Br/Cu 
CAPACITANCE AFTER FORMING 
NO EXTERNAL VOLTAGE 


Fig. 6 


response was greater with Ei cells after adding either depolarizer, but with 
E 2 cells the response was less after adding D 2 . 

El cells had a much higher capacitance than E 2 cells. The capacitance 
of El cells was strikingly smaller after adding either depolarizer, but Di 
seemed more effective than A. Cells containing E 2 exhibited slight in¬ 
creases in capacitance on adding Di, but rather large decreases after the 
addition of A. Capacitance responses were almost uniformly negative. 
The writer believes that the exceptions are due to some extraneous cause. 
While the responses are small, there seems to be little doubt that they are 
present. Figure 6 shows two capacitance curves exhibiting the responses 
quite clearly. A decrease in capacitance response was observed in cells 
containing Ej after adding either Di or D 2 , but Di apparently increased 
slightly the response in the one cell containing E 2 . 
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Iron electrodes 

Reference here will be made only to resistance and capacitance measure¬ 
ments. The resistance of Et cells was higher than the resistance of Ei 
cells. The resistance of Ei cells was decreased by Di, while the resistance 
of Es cells was decreased by both Di and Dt. Resistance responses were as 
a rule relatively large, though barely over 1 per cent. Figure 7 shows an 



example of the responses obtained. No case of negative response was 
found. 

The capacitance of iron cells was unusually low, seldom reaching 1 micro¬ 
farad. ^^ile the Ei cells showed a higher capacitance than the Ei cells, 
the difference was less conspicuous for iron electrodes than for any other. 
Di apparently produced a decrease in the capacitance of Ei cells, while 
both depolarizers seemed to have increased the capacitance of Et cells. 
Capacitance responses were uniformly negative. A typical response is 
e:diibited in figure 8. 
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Among the iron cells were a few that produced alternating current. 
Figure 9 is a current-time curve of such a cell. 

A GENERAL VIEW OF THE RESULTS 

Further details of results cannot be given in this paper, but as stated 
above, the curves and tables are purposely made self-explanatory. 

Nothing was said in the previous discussion regarding the dark voltage. 
There was nothing to say. The value of the dark voltage occurs, within 
limits, as if it were a matter of chance. It ranges usually from 0 to 40 
millivolts, but sometimes runs to more than 100. There is no doubt that 
there are sufficiently good reasons for this behavior, but they have not yet 
been discovered. 



Fig. 9 

The effect of the 'fforming^' process, i.e., of polarizing the electrodes 
either anodically or cathodically, has been apparently ignored, but again 
the omission was intentional. An examination of the data fails to reveal 
any uniformity in effects due to the process of ‘^forming.^^ 

The so-called Minchin reversal is very clearly shown in figure 3. Un¬ 
usual care is necessary to catch and record these quick reversals. They 
take place as a rule, within 3 to 6 seconds. 

THEORETICAL CONSIDERATIONS 

A consideration of the theories that have been advanced to explain the 
photovoltaic effect shows that each is based upon either the chemical 
action of light, the photoelectric effect, or the effect of excited molecules on 
or near the electrode. The general arguments for and against these 
theories may be found in the references cited above. The arguments 
favoring the excited molecule theory seem to be most convincing just now, 
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and the findings herein reported are certainly more in line with this theory 
than with any other. 

The size of a molecule of a short-chain, aliphatic compound, like ethyl- 
magnesium bromide, is believed to be smaller than that of a molecule of an 
aromatic compound, such as phenylmagnesium bromide. If the layer on 
an electrode is monomolecular in thickness, as Hammond’s calculations 
indicate, the layer of ethylmagnesium bromide should be thinner than the 
layer of phenylmagnesium bromide. Consequently the capacitance of the 
condenser composed of the film separating the electrol 3 rte and the surface of 
the plate siiould be greater for the cells filled with ethylmagnesium bromide. 
This agrees with the experimental findings. On the other hand, the resist¬ 
ance offered by the film might be expected to be proportional to some func¬ 
tion of the thickness, leading to the conclusion that the phenylmagnesium 
bromide cells should have the higher resistance to direct current. This 
was found to be true.* 

In studies by Langmuir and others, it has been found that in certain 
monomolecular layers the molecules are particularly oriented with respect 
to the surface. It is then not unreasonable to suppose a similar condition 
in the cases under consideration. 

Now, if light produces in and near these layers a number of excited 
molecules which have different dipole moments from normal molecules, 
and which have the property of displacing normal molecules from the 
layers, an altered difference of potential would result. The change in 
difference of potential would increase until a kind of saturated layer of 
excited molecules was built up on the electrode. The life period of these 
excited molecules may be short, so that when the light is turned off and 
thus no more are being produced to replace the “dead” ones on the surface, 
the electrode “recovers in the dark” and the difference of potential becomes 
normal. 

Change in A. c. resistance must indicate a change in the electrolyte, which 
at present is thought to be due to change in condition of solvation of ions, 
resulting in their altered mobility. 

The assumption that a double layer, containing in the outer film only a 
comparatively few molecules, is formed, or altered, when the light is turned 
on, would explain the negative capacitance response. This assumption 
becomes quite plausible when one considers the polarized condition of the 
excited molecules. 

By assuming that the negative “ends” of the polarized molecules attach 
themselves to some metals, while with other metals the positive “ends” 
are so attached, one can explain the fact of positive and negative voltage 
and current responses. 


* Hammond arrived at these same conclusions. 
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Any substance, such as the depolarizers used in this study, when added 
to a cell, would quite likely disturb the layer on the electrodes. Just what 
effect the added substance would have would probably depend upon the 
electrolyte, the electrodes, and the substance added. 

To explain completely, on the basis of this theory, the observed effects 
of the depolarizers, would require more information on the chemical reac¬ 
tions involved, and especially on the structure of the molecules, than is at 
present available. 

The writer desires to acknowledge his indebtedness and express his 
appreciation to Professors R. T. Dufford and H. E. Hammond of the 
Department of Physics of the University of Missouri, to President Eugene 
Fair of the Northeast Missouri State Teachers College, and to Mrs. Rarty 
for assistance in this study. Professor Dufford suggested and directed the 
investigation. Professor Hammond helped in perfecting the experimental 
arrangements. President Fair furnished much-needed financial assistance, 
and Mrs. Harty took many of the readings. The work was begun and 
carried about half through at the University of Missouri, and completed 
at the Teachers College. 
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As was shown by us previously ( 1 ) in the most simple cases of the sharply 
expressed selective adsorption of one of the sort of the foreign solution ions 
by the metal, the connection between the potential and the concentration 
(more accurately, the activity) of the ions may be written; 

E = ± ^ - 1 ) In cf ( 1 ) 

The experiments described in the preceding paper have confirmed this 
equation for the potential of gold in the solutions of copper sulfate, copper 
nitrate, and silver nitrate. 

In the present paper are offered the results of further experiments on 
the study of the potentials of metallic silver in solutions of copper salts. 
To this end, exactly as with the earlier method, were measured the e.m.f. 
of the cells 

Ag i CuSO* I NH4NO, saturated | IN KCl, HgaCb | Hg 
and 


Ag 1 Cu(NO,), I NH 4 NOJ saturated | IN KCl, HgjCU | Hg 

from the values of which were calculated the potentials of silver in corre¬ 
sponding concentrations of solutions. Simultaneously the potentials of 
copper in the same electrolytes were measured. The graphic and analytic 
comparisons of both potentials show that between them there is rectilinear 
dependence, that is: 

•2'a*/CuS04 = o + hEcu/CuSO, 

and -^Ag/CuCNOi)! = « + 1 >^Cu/Cu(N 0 i). 

The values for the potentials of silver and copper, found by experiment, 
and the values of the constants a and b are given in tables 1 and 2 . 
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As the potential of copper in a solution of copper salts may be expressed 
by Nemst's equation, that is, 


RT. 


•Ecu/CuS 04 = •®Cu/CuS04 + ^ ^ CcM**fca** 


TABLE 1 


CuSOi 

^Ag/CuSO. 

(at 20”C.) 

^Cu/CuS04 

At - BAg/CuSO, 
- 0.420 

A«-*Cu/Cu804 

-0.2725 

Aa 

N 

2.0 

+0.5430 

+0.3216 

+0.1230 

0.0490 

2.53 

1.5 

0.5351 

0.3185 

0.1151 

0.0460 

2.50 

1.0 

0.5313 

0.3150 

0.1113 


2.61 

0.75 

0.5284 

0.3120 

0.1084 


2.74 

0.5 

0.5145 

0.3096 

0.0945 

■Hfl 

2.55 

0.25 

0.4933 

0.3030 

0.0733 

I 0.0305 

2.40 

0.125 

0.4831 

0.2990 

0.0631 

0.0265 

2.38 

0.0126 

0.4440 

0.2820 

0.0240 

0.0095 

2.52 

Mean value of 5 . 

2.54 

Maaii value of a . 

-0.296 







TABLE 2 


Cu(NOi)t 

®Ag/Cu(NO.). 

JfCu/Cu(NOi)» 

Ai « 

^Ag/Cu(N0i)« 

-0.32 

As * 

*Cu/Cu(NO,), 

-0182 

i.f 

As 

N 






7.0 

+0.6609 

+0.4298 

+0.2409 

+0.2478 


5.0 

0.6312 

0.4082 


0.2262 

■IH 

3.0 

0.5127 

0.3820 



HIH 

2.0 

0.5060 

0.3658 

0.1860 



1.5 

■Bl 

0.3569 

0.1734 

^Bl 


1.0 


0.3468 

0.1668 



0.76 


0.3402 

0.1600 

0.1682 

mSSM 

0.50 


0.3331 

0.1670 

0.1511 

1.04 

0.0126 

0.4365 

0.3079 

0.1166 

0.1259 

0.92 

0.00125 


0.2979 

0,1040 

0.1159 

0.90 

Mean value of 6 . 

0.97 

Mean value of a . 

+0.1431 







and 

RT 

•®CuA3u(NO,)» “ ^Cu/Cu(NOi), + ^ ^ C'cu++/cu++ 

then by substituting the value for the potential of copper in equation 2, 
and by putting in the numerical values of the constants a and b, we have: 
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^Ag/Cu 804 = (2-54 ^cu/CusOi ~ 0-296) 2.54 ~ In Ccu+<-/cu+*i i-c-i wi = 1.77 

and 


J^A*/Cu(NO>). = (0.974 i?cu/Cu(NOi)« + 0.143) + 0.974 In Cca**fca**, i-e., m = 0.987 


TABLE 3 


KBr 

®Cu/KBr 
(at 18'C.) 

(A. Schmid) 

1 

/Br/KBr 
lAT 26*C.) 
(Landolt) 

®Br,/KBr“ 

1.087-^l.0S81nc/ 

At » 

®Br./KBr-l->38 

, ^Cu/KBr 

N 

0.01 

■f 0.144 

0.90 

+1.2056 

+0.0676 

2.13 

0.10 

-0.034 

0.776 

•f 1.1614 

+0.0134 

(-2.53?) 

1.00 

-0 037 

0.630 

1.098 

-0.0400 

2.17 

2.00 

-0.121 

0.614 

1.0818 

-0.0562 

2.15 

3.00 

-0.144 

0.616 

1 0715 

-0.0665 

2.16 

4.00 

-0 171 

0.626 

1.0639 

-0.0741 

2.30 

Mean value of 6 . 




2.18 

Mean value of o . 



. 

-2.484 


TABLE 4 


KBr 

^Cu/KBr 
(at 18“C.) 

(A. Schmid) 

/BrVKBr 
(at 25"C ) 
(Haas-Jellinek) 

“ ^Brt/KBr 
« 1.087 - 0.058 
Inc/ 

At * Ei — 1.14 

. ^^Cu/KBr 
A. 

N 

0 01 

■fO 144 

0.895 

-f1.2057 

+0 0657 

2.19 

0.10 

-0.034 

0.720 

1.1533 

+0.0133 

(-2 55?) 

1.00 

-0.087 

0.590 

1.1002 

-0.0398 

2.18 

2.00 

-0.121 

0.584 

1.0832 

-0.0569 

2.12 

3.00 

-0 144 

0.577 

1 0732 

-0.0668 

2.15 

400 

-0.171 

0.570 

1.0663 

-0 0737 

2.32 

Mean value of 6. 




2.19 

Mean value of o. 




-2.500 


Thus the potential of silver in solutions of copper salts, like the potential 
of gold, is caused by the selective adsorption of the cations of the electro¬ 
lyte (Cu++) on the surface of the metal, and obeys equation 1. 

In order to check the theory advanced by us here on the measurements 
of A. Schmid and Winkelmann (4), we have proceeded as follows: As the 
potentials of copper in solutions of halogen salts of potassium and sodium 
become more electronegative by an increase of solution concentration, i.e., 
as if they had an anion character, then it may be assumed that the poten¬ 
tials are explained by the selective adsorption of the anion. Therefore the 
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values of the potentials of chlorine and bromine were calculated (according 
to Nemst’s equation) for the corresponding concentrations of the solutions 
of sodium chloride, potassium chloride, and potassium bromide. The 
values of the activity coefficients for these electrolytes were taken from 
two sources,—the “mean” activity coefficients from Landolt’s tables (3), 
and the “true” from the paper of Haas and Jellinek (2). 


TABLE 6 


NaCl 

Bi-BCu/NaCl 
Ur 18*C.) 

( A . Schmid) 

^C1-/KC1 
(AT 25'C.) 
(Landolt) 

®>-^Ch/KCl 
- 1.36 - 0.058 
Inc/ 

Ai « 

El + 0.13 

As - 
E% - 1.30 

‘-f 

As 

N 

0.01 

+ 0.123 

0.904 

+ 1.4785 

+ 0.253 

0.1785 

1 . 4 ? 

0.10 

+ 0.076 

0.789 

1.4240 


mSSm 

1 . 6 ? 

1.00 

+ 0.002 

0.659 


0.132 


1.9 

2.00 

- 0.026 

0.667 

1.3528 



1.9 

3.00 

- 0.052 

0.709 




1.9 

4.00 

- 0.087 

0.767 

1.3318 

0.043 

0.0318 

1 . 3 ? 

5.00 

- 0.096 

0.860 

1.3233 


0.1233 

1 . 4 ? 


Mean value of b. 
Mean value of a. 


1.63 

- 2.245 


TABLE 6 


KCl 

Ex -^?Cu/KCl 
(AT 18*C.) 

(A. Schmid) 

/CI-/KC1 

(atM'C.) 

(Landolt) 

^*-^Cls/KCl 
-1.86 - 0.068 
Inc/ 

Ai - 
El + 0.13 

As — 

Ei - 1.138 

b-f 

N 

0.01 

+ 0.123 


+ 1.4787 

+ 0.253 

+ 0.1620 

1.6 ( 7 ) 

0.10 

+ 0.086 

WBm 

1.4248 

0.216 

0.1081 

2.0 

1.00 

- 0.008 

0.597 

1.3730 

0.122 

0.0563 

2.1 

2.00 

- 0.043 

0.569 

1.3573 

0.087 

0.0406 

2.1 

3.00 

- 0.070 

0.570 

1,3465 

0.060 

0.0298 

2.0 

4 00 

- 0.087 

0.581 

1.3398 

0.043 

0.0231 

1.9 


Mean value of 5. 
Mean value of a. 


2.0 

- 2.78 


The comparison of the potentials of copper with those of chlorine and 
bromine show that in these cases the rectilinear dependence of type 

^Cu/MeX = a + hExi/UeX 

holds, but there are certain deviations, especially for sodium chloride. 
The data from A. Schmidts papers, the potentials of chlorine and bromine, 
calculated by ‘‘mean’^ and ‘‘true'' activity coefficients, and the values of 
constants a and b are given in tables 3, 4, 5 and 6. 
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As there are no marked differences between a and 5 for potassium bro¬ 
mide in both cases, in the future the values for / will be taken only from 
Landolt’s tables. 

Thus the potentials of copper in solutions of halide salts of alkali metals, 
measured by A. Schmid and his collaborators, are explained by the selec¬ 
tive adsorption of electrolyte anions and are subordinated to equation 1, 
taken in this case for anion adsorption, i.e., with the minus sign placed 
before the logarithm of activity. In agreement with the values of a and 
b given in the tables, equation 1 may be written: 

For Cu/KBr: 

-^Cu/KBr = (2.18i?Br/KBr “ 2.484) — 2.18 ^ In Csr-ZBr ? k©., lYl = 1.59 

For Cu/NaCl: 

RT 

®Cu/NttCi = (1-63 i/cwNaCi — 2.245) — 1.63 — In Cci-fci -, ke., m = 1.31 

For Cu/KCl: 

Ecu/kci = (2 Ech/KC\ — 2.78) — 2 ^ In Cci- /ci- j m = 1.5 

Taking into consideration the imperfection in the calculations of the 
same manner (the potentials of chlorine and of bromine are not found 
experimentally, but only by calculation), it is possible to consider that there 
is satisfactory agreement between equation 1 and the given experimental 
data of A. Schmid. 


SUMMARY 

1. In addition to the preceding measurements of the potential of gold in 
solutions of copper and silver salts, the potentials of silver in solutions of 
copper sulfate and copper nitrate were measured. 

2. The dependence (deduced earlier on the basis of the adsorption theory 
for such potential) between the potential and the activity of the selectively 
adsorbed ions, proved on the potential of gold, was confirmed by the poten¬ 
tial of silver and by the experimental data of A, Schmid and his collabora¬ 
tors (the potential of copper in the halogen solutions of alkali metals). 
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In suitably acid solutions and with suitable concentrations hydrogen 
peroxide reduces the following: cobaltic sulfate to cobaltous sulfate; lead 
peroxide to lead sulfate; permanganic acid, manganese dioxide, and man¬ 
ganic sulfate to manganous sulfate; chlorine and hypochlorous acid to 
hydrochloric acid; bromic acid to hydrobromic acid and bromine; chromic 
acid to chromic sulfate; chloric acid at 80®C. to hydrochloric acid and 
chlorine; hypobromous acid to hydrobromic acid; thallic sulfate to thallous 
sulfate; bromine to hydrobromic acid; periodic acid to iodic acid; iodic 
acid to iodine; 95 per cent nitric acid to oxides of nitrogen; bismuth pent- 
oxide to bismuth trioxide; pentavalent vanadium to tetravalent vanadium. 

In suitably acid solutions and with suitable concentrations hydrogen 
peroxide oxidizes the following: hydrochloric acid to chlorine; hydrobromic 
acid to bromic acid; hydriodic acid to iodine and to iodic acid; ferrous 
chloride to ferric chloride; nitrous acid to nitric acid; mercurous nitrate 
to mercuric nitrate; silver to silver sulfate; tetravalent vanadium to 
pentavalent vanadium; cuprous chloride to cupric chloride; ferrocyanic 
acid to ferricyanic acid; stannous chloride to stannic chloride; hydroxyl- 
amine and nitrous acid to nitric acid; nickel and lead to the corresponding 
sulfates. 

In suitably alkaline solutions and with suitable concentrations hydrogen 
peroxide reduces the following: potassium permanganate and manganate 
to manganese dioxide; potassium ferrate to ferric oxide; silver peroxide 
and silver oxide to silver; potassium hypobromite to bromide; potassium 
ferricyanide to ferrocyanide; nickelic oxide to nickelous oxide; bismuth 
pentoxide to bismuth tetroxide (or BhOi); potassium periodate to iodate; 
and potassium hypoiodite to iodide. It is said, though wrongly, to re¬ 
duce mercuric oxide to mercurous oxide. 

In suitably alkaline solutions and with suitable concentrations hydrogen 
peroxide oxidizes the following: potassium cyanide to cyanate; sodium 
sulfite to sulfate; lead and lead monoxide to lead peroxide; bismuth tri¬ 
oxide to bismuth tetroxide (or BhO?); cobaltous oxide to cobaltic oxide 
or peroxide; manganous and manganic oxides to manganese peroxide; 
vanadium tetroxide to vanadium pentoxide; chromic oxide to potassium 
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chromate; thallous oxide to thallic oxide; nitric oxide and potassium nitrite 
to potassium nitrate; cuprous oxide to cupric oxide; hydroxylamine to 
nitrogen; ferrous and stannous oxides to ferric and stannic oxides, respec¬ 
tively; zinc to sodium zincate. 

It is not claimed that this is a complete list of the oxidations and reduc¬ 
tions with hydrogen peroxide, but these instances will suffice to show the 
apparent complexity of the problem. So far as the theoretical side of the 
subject is concerned, the literature is in a state of chaos because the “mis¬ 
leading experiment” has tripped up everyone. The problem has not been 
and cannot be solved by a phenomenological study alone. The Baconian 
method is not adapted to this sort of work. 

Fredenhagen (11) and Bomemann (4) both accept Haber’s view of 
two potentials for hydrogen peroxide in acid solution, a reducing potential 
at about Eh — 4-0.8 volt and an oxidizing potential at about Eh — -fl.4 
volts. Bomemann says that “a substance with a potential in a dilute 
acid solution smaller than Eh = -(-0.8 volt, such as hydriodic acid with 
about Eh = 0.5 volt, can only be oxidized by molar hydrogen peroxide. 
If the potential of the reacting substance is higher than Eh = -1-1 • 4 volts, 
such as Eh = 4-1.5 volts for potassium permanganate, there can only be 
reduction by hydrogen peroxide. Substances with potentials between 
Eh = 4-0.8 volt and Eh = 4-1.4 volts may be either reduced or oxidized 
by hydrogen peroxide. When the nature of the substance permits of 
either reduction or oxidation, which will happen or whether both will 
happen simultaneously to an appreciable extent depends only on relative 
reaction velocities: catalytic agents play an important part within this 
range.” 

Our experiments show that there are no true electromotive forces for 
dilute hydrogen peroxide in acid solution at about Eh — 4-0.8 volt and 
about Eh = 4-1.4 volts, and that there is no range within which it is a 
question of reaction velocity whether reduction or oxidation occurs. There 
is also no true electromotive force for hydrogen peroxide at about Eh — 
4-1.66 volts as postulated later by Haber (16). In the same way the 
normal electrode potential Eh = 4-1.8 volts, as given by Kremann and 
Mtiller (18) for the alleged reaction Hj084-2H = 2 H 2 O, is entirely mythi¬ 
cal. Bray (5) gives Eh = + 1.78 volts. 

The real relation is quite simple. If the true electromotive force, re¬ 
ferred to the normal hydrogen electrode, for any oxidizing or reducing 
agent in any solution is larger than the tme electromotive force of hy¬ 
drogen peroxide in the same solution, that substance will be reduced by 
hydrogen peroxide. If the true electromotive force, referred to the normal 
hydrogen electrode, of any oxidizing or reducing agent in any solution is 
smaller than the true electromotive force of hydrogen peroxide in the awmA 
solution, that substance will be oxidized by hydrogen peroxide. As will 
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be shown later, the reason why this relation has not been clear from the 
beginning is that people talked about measured electromotive forces and 
not about true electromotive forces. 

In tables 1 and 2 are given data for some of the oxidizing and reducing 
agents which are on record as reacting with hydrogen peroxide. The 
figures under ^c(Murphy) were obtained at Cornell and are measurements 
made against the normal calomel electrode. Platinum wires were used 
and were heated electrically (34) to bring them approximately to equilib¬ 
rium. The plus sign denotes that the calomel electrode is anode. The 
Ec data have been converted into Ei, values by adding 0.300 volt, with no 
other correction for liquid-junction potentials except for the reversible 
reaction between iodic acid and iodme, where the measurements were 
made against hydrogen in molar sulfuric acid. The Ec data are not neces¬ 
sarily right, but they are comparable. The Eh data, not based on our 
Ec measurements, are taken from the literature and are not comparable 
among themselves or with the Cornell data. So far as can be judged, 
they are right relatively to hydrogen peroxide; but no guarantee can be 
given that they are right absolutely or right relatively to each other. 

To many people this will seem a deplorable state of affairs. They will 
feel that we should have corrected all these data and that we should have 
given our data at least to millivolts and probably to tenths of millivolts. 
T. W. Richards once said that to measure a thing ten times as accurately 
meant one hundred times the work. There is a great deal of time wasted 
on unnecessary accuracy in measurements. If we wish to know whether 
hydrogen peroxide will oxidize ferrous chloride at all, we must determine 
the electromotive force of a practically pure ferrous chloride solution. If 
we wish to know whether hydrogen peroxide will oxidize ferrous chloride 
completely, we must determine the electromotive force of a practically 
pure ferric chloride solution. The spread in this case is more than 0.2 
volt, so an accuracy of millivolts means nothing. The corresponding 
spread for tetravalent to pentavalent vanadium is apparently nearly half 
a volt. From the admittedly inaccurate data in table 1 we shall see that 
the best measurements of the electromotive force for appreciable con¬ 
centrations of hydrogen peroxide in acid solution may be roughly 0.3- 
0.4 volt too low. 

There will undoubtedly come a time when it will be desirable to measure 
these electromotive forces to millivolts or less. For the moment the im¬ 
portant thing is the determination of general relations. That has been 
overlooked entirely in the forty years of exact measurements and elaborate 
thermodynamics. It is usually stated that it is a waste of time to measure 
the electromotive forces of practically pure ferrous sulfate and ferric sul¬ 
fate, because the electromotive force measurement means nothing unless 
we define the concentrations of the reaction products. This may be true 
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theoretically; but we deny it very often when we do a potentiometric 
analysis. It would be a distinct help if people made and tabulated the 
electromotive forces which are involved in potentiometric analyses, in¬ 
stead of ignoring them or treating them as belonging in an entirely inde¬ 
pendent chapter. 

It is quite clear from table 1 that, in approximately molar solutions of 
hydrochloric or sulfuric acid, all oxidizing and reducing agents having an 
electromotive force for the reaction and concentrations in question larger 
than about Eh = -f 1.16±0.3 volts are reduced by hydrogen peroxide. 
All having an Eh value smaller than about 1.16±0.03 volt are oxidized 

TABLE 1 


Behavior of hydrogen peroxide in acid solutions 
Ec (Murphy) data are mostly in M HCl or Af HiSOi. Parentheses denote that the 
enclosed constituent is present in relatively small amounts 


HE ACT! ON 

BKDUCnON 

RE Am ON 

OXIDATION 

Approxi¬ 
mate Eh 

Ec 

(Murphy) 

Approxi¬ 
mate Eh 

Ec 

(Murphy) 


+1.80 




+0.850 

COa ( 804)3 —>CoS 04 

+1.79 


HBr-^CBra) 

+1.09 

+0.790 

Pb0a-*PbS04 

+1.63 

+1.326 

HNOa-^HNOa 

+0 94 


HMn04-MnS04 

+1.64 

+1.237 

(FeCla)"^FeCl8 

•f 0 90 

+0.60 

HBrOa-^Bra 

+1.44 

+1.14 

Hg.(NO.),-^Hg(NO,), 

+0 87 


Mn0a-»MnS04 

+1.43 


Ag-^kgSOi 

-1-0 67 

+0.37 

Cl,-♦HCl 

+1.37 


HI-I, 

+0.62 


HBrO-HBr 

+1.36 


CuaCla-^CuCla 

+0 65 


HC10,->HC1 

+1.34 

+1.068 

HaSO«-^HaS04 

+0 49 

+0.19 

HaCraOj—>Cr2CS04)3 

+1.29 

+0.99 

Ferrocyanic acid-^ferri- 



Bra-^CHBr) 

+1.26 

+0.96 

cyanic acid 

+0.44 


Tla(S04)3--TlS04 

+1.21 


NHaOH-^HNOa 

+0.36 

+0.05 

(HI04)-^HI03 

+1.20 

+0.899 

SnCla-^SnCU 

+0.2 


HlOs-^da) 

+M7t 

+0.867 

Pb->PbS04 

-0.29 

-0.589 


• One-way reactions; not strictly reversible, 
t Measured directly and not calculated. 


by hydrogen peroxide. This does not mean that hydrogen peroxide will 
oxidize ferric chloride higher because the reaction measured is Fe";=iFe”‘. 
If we should or could measure the reaction Fe“'?iFe'" that electromotive 
force would be found to be larger than Eh = -fl.l6 volts. 

The data in table 1 show that the true electromotive force of hydrogen 
peroxide in a solution approximately molar with respect to hydrogen ion 
is about Eh = -|-1.16±0.3 volts, and that there is no intermediate range 
within which relative reaction velocities determine whether oxidation or 
reduction will occur. The directly measured value of about Eh =» -fO.8 
volt and the deduced value of Eh = -1-1.66 volts go by the board. 

It is quite clear from table 2 that, in approximately molar solutions of 
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potassium hydroxide, all oxidizing and reducing agents having an electro¬ 
motive force for the reaction and concentrations in question larger than 
about Ek = -f-0.30±0.03 volt are reduced by hydrogen peroxide. All 
having an electromotive force smaller than about Eh — -f 0.30±0.03 volt 
are oxidized by hydrogen peroxide, with the exception of potassium iodide 
to potassium iodatc, which will be discussed later. When an oxidation or 
reduction can only go one way under the conditions of the experiment, the 
predictions apply only to the reaction measured. We can obtain approxi- 


TABLE 2 

Behavior of hydrogen peroxide in alkaline solutions 
Ec (Murphy) data are mostly in M KOH 


RVACTtON 

REDUCTION 

reaction 

OXIDATION 

Approxi¬ 
mate Eh 

Ee 

(Murphy) 

Approxi¬ 
mate Eh 

Ec 

(Murphy) 

KMnOi—►K 2 Mn 04 

•fO 73 

+0.43 

PbO-^PbOa 

+0 27 

-0 030 

K2re04-^Fe203 

+0.71 

+0 41 

KI^KIOa^ 

+0 16 

-0 145 

NaClO-^NaCl* 

+0 70 

+0 40 

Hg-»HgO 

+0.15 

-0 15 

K2Mn04-*>Mn02 

+0.59 

+0 294 

KCN~>KCNO 

+0 13 

-0 175 

Agj0j7-»Ag20 

! +0 58 


Na2S0a“^Na2S04* 

+0.11 

-0 19 

Bi205->Bi204 

' +0 58 

+0 279 

BiaOs—►Bi204 

+0 11 

-0 19 

Ferricyanide—►ferro- 

•fO 51 

+0 214 

MnO—►MnOa 

+0.11 - 

-0 19 

oyanide 



CoO—►CoaOj 

+0.10 

-0 20 

Ki202-^Ni0 

+0 51 

+0.21 

Cr20,-^K2Cr04* 

+0 08 

-0 22 

KI 04 -^KI 0 

+0.44 



+0.05 


AgsO-^Ag 

+0 34 

+0 038 

KNOa-^KNOa 

+0 01 





Cu20“->CuO 

-0 08 






-0 29 

-0 59 




Pb-^PbO 

-0 56 





FeO-+Fe20a 

-0 83 





SnO-^SnOs 

-0 87 





Zn~>Na2Zn02 

-1.118 



* One-way reactions; not strictly reversible. 


mate values for the oxidation of sulfurous acid to sulfuric acid and for the 
oxidation of alkaline sodium sulfite to alkaline sodium sulfate, but the 
reverse reaction does not take place at all in alkaline solutions; in acid 
solutions it takes place only at very high concentrations of sulfuric acid. 

The data in table 2 show that the true electromotive force for hydrogen 
peroxide in a solution approximately molar with respect to hydroxyl ion 
is about Eh » -f0.3db0.03 volt, and that there is no intermediate range 
within which relative reaction velocities determine whether oxidation or 
reduction will occur. This compares with an apparent value as measured 
directly and not corrected for diffusion potentials of about Eh = +0.04 
volt. 

It must be remembered that the value of Eh = +0.3db0.03 volt con- 
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tains the acid-alkali liquid-potential difference, which is not present in 
the value of Eh = +1,16±0.03 volts. Clonsequently these two values 
cannot be compared directly. 

There is independent evidence for Eh — +1.16 volts being somewhere 
near the true electromotive force for hydrogen peroxide in approximately 
molar hydrochloric acid or sulfuric acid. No one has ever obtained the 
theoretical value of 1.23 volts for the oxyhydrogen gas cell, but values up 
to 1.15 volts have been measured by independent observers. Over fifty 
years ago Traube (48) showed that hydrogen peroxide is formed when 
oxygen is reduced at the cathode. Both G. N. Lewis (21) and Haber (15) 
drew the natural conclusion that the primary reaction in the oxyhydrogen 
gas cell is the formation of hydrogen peroxide. This view has not yet 
been accepted (14), but it is unquestionably right (47). Richarz and 
Lonnes (35) obtained an 88 per cent current efficiency for hydrogen 
peroxide exclusive of what had been lost by cataljrtic decomposition. 
Quite recently Fisher and Kronig (7) have obtained a 93.5 per cent current 
efliiciency under favorable conditions. It seems to be practically certain 
that 100 per cent current efficiency would be obtained if catalytic decom¬ 
position could be avoided. 

Another argument in favor of this is that the decomposition-voltage 
curve for sodium peroxide between platinum electrodes is of the same type 
as that for copper sulfate between copper electrodes, an approximately 
straight line starting from the origin. This means that the reactions at 
the two electrodes are the same in fact but opposite in sign. 

Consequently the value of Eh = +1.16±0.03 volts must be very close 
to the true value for the reaction H 2 +O 2 == H 2 O 2 in a suitably acid solu¬ 
tion. It would be more difficult to prove that Eh = +0.30±0.02 volt 
is approximately the true value for alkaline solutions because of the higher 
rate of catalytic decomposition of hydrogen peroxide in alkaline solutions. 
This is not necessary, however, because the close agreement between the 
chemical and electrical results in acid solution establishes the validity of 
the chemical method. 

Fredenhagen (12) objected to Haber’s calling hydrogen peroxide a 
reducing agent, because Fredenhagen found that hydrogen peroxide oxi¬ 
dizes ferrous chloride completely, even though the measured electromotive 
force of a hydrogen peroxide electrode relative to the ferro-fcrric electrode 
is the same as that of an acidified solution containing about 10 per cent 
molar ferrous chloride and 90 per cent molar ferric chloride. There are 
two mistakes here. The true electromotive force of a hydrogen peroxide 
electrode is larger than that of a ferric chloride solution, and consequently 
hydrogen peroxide should oxidize ferrous chloride completely. Also, if 
Fredenhagen had made up a cell Pt|10 per cent H202 in iV/10 HCllJV 
FeClj in N/IO HCl|Pt, he would have observed a reduction of ferric 
chloride in the cell, as we did. 
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Ferrous salts combine with a,a'-dipyridyl (19) to give complexes in 
which the concentration of ferrous ions is apparently vanishingly small. 
This makes the ferric salt a stronger oxidizing agent; consequently it is 
not surprising that hydrogen peroxide reduces ferric salts quantitatively 
in presence of a^a'-dipyridyl. As we had none of this substance, we could 
not make any electromotive force measurements, but they would un¬ 
doubtedly have fallen in line. It has long been known that hydrogen 
peroxide in alkaline solutions reduces potassium ferricyanide to potassium 
ferrocyanide. All who have measured the electromotive force of this re¬ 
action have found it come out as it should relatively to our value for hy¬ 
drogen peroxide. 

Since the formation of hydrogen peroxide is the primary reaction in the 
oxyhydrogen gas cell, it must take 2 faradays to form one gram-molecular 
weight of hydrogen peroxide. Consequently the oxygen anion concerned 
must be Oj, corresponding to the mercurous cation Hg^’. This is in 
accord with the experiments of Tanatar (46), who determined the volumes 
of oxygen set free at the anode from certain hydrogen peroxide solutions 
and those set free in a sulfuric acid coulometer. The conditions could be 
so adjusted that two volumes of oxygen were set free from hydrogen per¬ 
oxide as against one volume of oxygen from the coulometer. This was 
after correcting for oxygen set free in consequence of catalytic decomposi¬ 
tion. In an alkaline barium peroxide solution the anion must be bivalent 
diatomic oxygen. 

If we have a case of reversible oxidation and reduction, such as 
Fe”', the extreme values for a practically pure ferrous salt solution and for 
a practically pure ferric salt solution will be either on the same side of the 
true hydrogen peroxide potential for that solution or on opposite sides. 
If both are on the same side, the reaction will run to an end. Hydrogen 
peroxide oxidizes ferrous salts completely to ferric salts either in acid or in 
alkaline solutions. Permanganate is reduced completely both in acid and 
in alkaline solutions. Lead peroxide is reduced completely to lead sulfate 
in acid solutions, and lead monoxide is oxidized completely to lead dioxide 
or sodium plumbate in alkaline solutions. Hydriodic acid is oxidized 
completely to iodine in acid solutions. 

If the two extreme values lie on opposite sides of the true electromotive 
force for hydrogen peroxide in that solution, a state of equilibrium occurs. 
Liquid bromine with a low concentration of hydrobromic acid gives a 
value of -B/i = +1.26 volts and is reduced by hydrogen peroxide. Bromine 
with a high concentration of hydrobromic acid gives a value of Eh = 
4-1.09 volts, and the hydrobromic acid is oxidized by hydrogen peroxide. 
The zero point at which traces of hydrogen peroxide are in equilibrium with 
liquid bromine and hydrobromic acid is at about Eh = 4-1-10 volts, 
apparently between 4-1.17 and 4-1.16. 

The conversion of iodine into iodic acid and back is a very good illustra- 



384 


WILDEB D. BANCBOrr AND NEtSON F. MUBPHT 


tion of this. As the literature at present is in a hopelessly confused state, 
this case brings out the advantage of our viewpoint. Iodine dissolved in 
M sulfuric acid is converted nearly completely into iodic acid. The 
reverse reaction does not take place to an extent which can be detected 
by the casual observer. If one adds a little carbon tetrachloride to a 
solution of iodic acid in 2 normal sulfuric acid before adding the hydrogen 
peroxide, the existence of an equilibrium will be shown by the development 
of a pink color in the carbon tetrachloride. Using dilute hydrogen perox¬ 
ide a pink color develops with M/2 and M/50 iodic acid but not with 
Jlf/200 iodic acid. When 30 per cent hydrogen peroxide is added, a pink 
color is obtained even with if/2000 iodic acid. This shows again that 
hydrogen peroxide is a stronger reducing agent in more concentrated solu¬ 
tion. ■ If the carbon tetrachloride is added after the hydrogen peroxide 
has decomposed completely, no pink color is obtained even with ilf/2 
iodic acid. 

If one adds iodine crystals to a solution of hydrogen peroxide in 2 normal 
sulfuric acid, the solution does not become colored by the iodine and the 
oxidation to iodic acid takes place very slowly. This apparent paradox 
is due to the catalytic decomposition of the hydrogen peroxide at the sur¬ 
face of the iodine crystals. These crystals become coated with a film of 
oxygen, which protects them pretty well from the solvent action of the 
solution. The rate of oxidation can be accelerated by stirring the solution 
vigorously, or by starting with a saturated solution of iodine in carbon 
tetrachloride and adding excess iodine. The zero point is about Eh = 
-t-1.16 volts, apparently between and -1-1.15. 

Auger (1) obtained visible amounts of iodine by starting with a dilute 
iodic acid solution. We have improved on that technique by starting 
with a concentrated potassium iodate solution, adding a few drops of 
hydrochloric acid or sulfuric acid, and then adding 30 per cent hydrogen 
peroxide. A heavy precipitation of iodine occurs, which stops when the 
solution becomes neutralized. Further addition of hydrochloric acid 
causes additional precipitation of iodine. If concentrated hydrochloric 
acid is added, the iodine is oxidized to iodic acid by the hydrogen peroxide. 
If caustic potash is then added, iodine will come do\m again on addition 
of hydrogen peroxide, provided the solution has not become too dilute. 
This makes a very striking lecture experiment. 

In our experiments the change from reduction to oxidation occurs at 
about pH = 1.2 to 1.4, apparently regardless of whether one uses hydro¬ 
chloric acid or sulfuric acid. If one adds the acid in several portions, 
each one after the preceding portion has been neutralized, one can get a 
good deal of reduction. If the same amount of acid is added ail at once, 
the pH drops below 1.2 and there is practically no reduction. Since the 
change occurs at approximately the same pH both with hydrochloric acid 
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and with sulfuric acid, the intermediate formation of iodine monochloride 
or trichloride cannot be of vital importance as Auger assumed it to be. 

The electromotive force measurements on periodic acid and potassium 
periodate confirm the chemical findings by Tanatar (45) that hydrogen 
peroxide reduces periodic acid and sodium periodate to iodic acid and 
sodium iodate, respectively. With potassium iodide and potassium iodate 
we ran into a serious diflBculty which we had not foreseen, although per¬ 
haps we should have. The electromotive force of Eh = +0.16 should 
mean that sodium peroxide oxidizes alkaline potassium iodide to potassium 
iodate. In spite of all our efforts to the contrary, we were forced to con¬ 
firm the results of our predecessors that sodium peroxide produces prac¬ 
tically no potassium iodide from potassium iodate. 

A way out of this impossible situation was found at last. One can 
obtain an electromotive force measurement for sodium sulfite as a reduc¬ 
ing agent and one can oxidize sodium sulfite to sodium sulfate; but one 
cannot reduce sodium sulfate to sodium sulfite. In the presence there¬ 
fore of a suitable reducing agent, both sodium sulfite and sodium sulfate 
would be practically stable. The conversion of sodium iodide to sodium 
iodate is not quite a parallel case to that of sodium sulfate to sodium sulfite, 
because a sufficiently strong oxidizing agent, such as ozone, will oxidize 
alkaline sodium iodide to sodium iodate (20) and even to sodium periodate 
(36). We have found that alkaline permanganate is bleached by alkaline 
sodium iodide. The difficulty with the hydrogen peroxide is that potas¬ 
sium hypoioditc is the first stage in the oxidation of iodide, and that hy¬ 
drogen peroxide reduces hypoiodite. To oxidize alkaline potassium iodide 
to iodate, one must use an oxidizing agent, such as ozone or alkaline per¬ 
manganate, with a higher oxidizing potential than alkaline potassium 
hypoiodite. On the reduction side there is no difficulty. Either an 
alkaline hydrazine or hydroxylamine solution will reduce alkaline potas¬ 
sium iodate to iodide. The reason that hydrogen peroxide can oxidize 
hydriodic acid to iodic acid is that the first stage is the oxidation to iodine. 
A strong enough oxidizing agent should oxidize alkaline sodium chloride 
to sodium hypochlorite and sodium chlorate. Alkaline permanganate 
will not do it, and we have not tried ozone. Fluorine will do it. 

We can now consider the problem of where the oxygen gas comes from 
when hydrogen peroxide reacts with lead peroxide in sulfuric acid solution. 
This is simpler than the case of permanganate, and just as t 3 rpical. There 
are many differences in detail, but, speaking broadly, there are two schools 
of thought. One school—led originally by Schonbein, Brodie, and 
Berthelot—believes that half the oxygen gas comes from the lead peroxide 
and half from the hydrogen peroxide. The other school—led originally 
by Weltzien, Traube, and Baeyer—believes that all the oxygen gas comes 
from the hydrogen peroxide and none of it from the lead peroxide. 
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Most textbooks adopt the first view—that of Schdnbein, Brodie and 
Berthelot—for no apparent reason. Roscoe and Schorlemmer (38) say: 
"The oxides of metals such as gold, silver, and platinum immediately 
cause decomposition of hydrogen dioxide into water and oxygen even in 
dilute aqueous solutions, and the oxides themselves are simultaneously 
reduced to the metallic state, the reduction with silver oxide being repre¬ 
sented by the equation: 

Ag20 H 2 O 2 “ 2Ag “i* B 2 O "i" O 2 

“We have here the remarkable phenomenon of a powerful oxidizing 
agent exerting a reducing action on metallic oxides with formation of the 
metal. The explanation of this fact is, however, not far to seek. The 
above-named metals only combine somewhat feebly with oxygen, and 
their oxides decompose easily into the elements. When they are brought 
into contact with hydrogen dioxide, which contains one atom of oxygen 
but feebly united, mutual reduction takes place, the one atom of oxygen 
in the dioxide combining with one atom of oxygen in the metallic oxide 
to form a molecule of free oxygen.” 

If we ear-mark the oxygen which is to go off as gas by italicizing it, 
we can make clear the difference between the two points of view. Ac¬ 
cording to Roscoe and Schorlemmer one should write the equation: 

Ag20 + H20'0 =® 2Hg -f H 2 O -f O 2 (alkaline) 
and 


PbO.O -h H 2 O O = PbO + H 2 O -f O 2 (acid) 
According to the other view, which we endorse, one should write: 
Ag20 -f- H 2 O 2 = 2Ag 4- H 2 O + O 2 (alkaline) 

and 


Pb02 -f H 2 O 2 = PbO H 2 O -|- O 2 (acid) 

The oxidation—not reduction—of hydrogen peroxide by ozone should 
be written: 


H2O2 -|- O2O = H 20 -|- 2O2 

We will now give the reasons (39) for adopting the view put forward 
by Weltzien, Traube, and Baeyer. Hydrogen peroxide may be considered 
as dissociating reversibly to a very slight extent into monatomic, electri¬ 
cally neutral hydrogen and activated diatomic oxygen: H 2 O 2 2H + 0 • O. 
Reductions are effected by the monatomic hydrogen and oxidations by the 
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activated diatomic oxygen, which differs from molecular oxygen by only 
having one bond between the oxygens. It is an unsaturated oxygen 
molecule. 

If we arrange a cell, Pt ] H2O2 in H2SO4 | H2SO4, P 6 O 2 1 Pb, the current 
will flow from left to right through the cell, lead peroxide will be reduced 
to lead sulfate at the cathode, and two oxygens will be evolved at the 
platinum anode for one gram-molecular weight of lead peroxide reduced. 
The anode reaction is precisely similar to the one studied quantitatively 
by Tanatar. In this case there can be no question but that the two oxy¬ 
gens come from the hydrogen peroxide and neither one from the lead 
peroxide. Similar cells can be set up in all cases in which the error in 
the potential measured at the platinum electrode, due to the difference 
between the apparent and true electromotive force of hydrogen peroxide 
or of the reacting substance, is not sufficiently large to obscure things. 
With platinum in acidified hydrogen peroxide against platinum in acidi¬ 
fied permanganate, manganese dioxide, or chromic acid, the peroxide elec¬ 
trode is the anode, as it should be. With platinum in alkaline hydrogen 
peroxide against platinum in alkaline permanganate, the hydrogen peroxide 
electrode is the anode, as it should be. 

With platinum in alkaline manganous hydroxide against platinum in 
alkaline hydrogen peroxide, the hydrogen peroxide electrode is the cathode. 
Theoretically it should be the cathode, w^hen platinum in alkaline lead 
monoxide is the other electrode; but actually that is not the case. Appar¬ 
ently the reason why this experiment is unsuccessful with normal alkali 
is that hydrogen peroxide is catalyzed so rapidly by platinum in such a 
solution that it is impossible to build up the proper potential at the elec¬ 
trode. Once the cause of the trouble was recognized, it was easy to get 
around the difficulty. Alkaline hydrogen peroxide oxidizes manganous 
hydroxide to manganese dioxide and is therefore a stronger oxidizing 
agent than alkaline manganese dioxide. A cell was accordingly made up: 
Pt 1 PbO, N KOH 1 N KOH, Mn02 1 Pt. The manganese dioxide elec¬ 
trode is the cathode; consequently the stronger oxidizing agent, hydrogen 
dioxide, would also be at the cathode if the catalytic decomposition were 
eliminated. A similar arrangement made it possible to show that alka¬ 
line chromic oxide and alkaline cobaltous oxide are really anodic to hydro¬ 
gen peroxide of the same general alkalinity. 

In every case the current in an electrolytic cell containing hydrogen 
peroxide flows in the direction predicted by the chemical reaction, or can 
be made to do so by eliminating the unessential disturbing factors. It is 
not safe to say that the type of reaction as postulated by Schonbein and 
Brodie cannot be arranged as an electrolytic cell, but no one has yet done 
it and it is not clear what would be anode and what cathode. It has also 
never been explained why hydrogen peroxide and lead peroxide or manga- 
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nese dioxide should be compatible in alkaline solution and incompatible 
in acid solution. In the reaction between barium peroxide and iodine, 
BaOj + I 2 = Bals + O 2 , all the oxygen must come from the peroxide. 
We may therefore consider the question of the source of the oxygen gas 
as settled in the way it should have been settled a long time ago—in favor 
of the view advanced by Weltzien, Traube, and Baeyer. As late as 1858 
Schonbein (40) explained the reaction H202 + CI 2 = 2HC1 + Oj on the 
basis that chlorine was murium peroxide and not an element. 

An additional argument is to be found in the experiments of Fowler 
and Grant (10) on the effect of heating lead peroxide with potassium 
chlorate. From Schonbein’s point of view the result should have been 
evolution of oxygen with the formation of lead monoxide and potassium 
chloride, both substances losing oxygen. Actually there was a nearly 
quantitative oxidation of potassium chlorate to potassium perchlorate. 
When dry sodium peroxide is ground with iodine and heated suitably, 
there is formation of sodium periodate (17). 

Kaikow (33) takes the ground that a substance cannot have the same 
formula as a reducing agent and as an oxidizing agent. He therefore con¬ 
siders that the reducing agent is HO—OH and that the oxidizing agent is 
H2=0::0=. This seems quite unnecessary. We have postulated the 
reversible dissociation H 2 O 2 2H -4- 0—O. When hydrogen peroxide 
acts as a reducing agent, we have 2H reacting with the substance to be 
reduced and the 0—0 going off as molecular oxygen. When hydrogen 
peroxide acts as an oxidizing agent, the activated oxygen reacts both with 
the substance to be oxidized and with the monatomic hydrogen. For 
lead oxide in alkaline solution we have, for instance; 

2H -I- 0—0 -1- PbO = H 2 O + PbO* 

For hydriodic acid in acid solution we have as the first stages: 

2 H -I- 0—0 -t- HI = HjO - 1 - HIO 

Starting with this point of view one cannot admit that the catalytic 
decomposition of hydrogen peroxide can be represented by the equation 
H202-^ H 2 O -b 0. It must be that one molecule of hydrogen peroxide 
reduces a second one in exactly the same manner that one molecule of 
hydrogen peroxide reduces one molecule of lead peroxide. The equation 
would be written: 


H2O2 -|- H2O2 “ 2H2O • 4 " G2 

After this conclusion had been reached independently, it was a great 
pleasure to find that Wieland (61) had said the same thing more t.han a 
dozen years ago. He considers that the first stage in the catalsrtic decom- 
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position is the dehydrogenation of one molecule, the hydrogen from which 
reacts very rapidly with a second molecule. Wieland writes the equations; 

H00H-^0:0 + 2H 
HO OH + 2H 2H80 

The only difference between Wieland’s point of view and ours is that we 
postulate a reversible dissociation and consequently the formation of 0—0 
with subsequent formation of molecular oxygen, 0:0. 

If hydrogen peroxide decomposed, as is usually assumed, according to 
the equation H 2 O 2 —» H 2 O + O, it would necessarily be one of the most 
powerful oxidizing agents, because it would be setting free nascent oxygen 
which is, next to fluorine, the most powerful oxidizing agent that we have 
at ordinary temperatures. As a matter of fact this work was started 
with the idea that one could do chemical electrolyses with hydrogen 
peroxide nearly as well as with fluorine. That view was given up when 
it w’as found experimentally that hydrogen peroxide is a rather weak 
oxidizing agent. This is quite reasonable now that we see that what is 
first evolved is 0 • 0 and not 0. While molecular oxygen is not as effective 
an oxidizing agent as hydrogen peroxide, because of its inertness, molecular 
oxygen in contact with platinum is a stronger oxidizing agent than hydro¬ 
gen peroxide, though not so convenient a one. If one writes hydrogen 
peroxide with the unsynimetrical formula, one gets into diflBculty because 
the dissociation H20;0 ^ 2H -1-0:0 gives molecular oxygen. 

The catalytic decomposition by platinum may be written: 

HjOs -I- Pt = Pt(2H) -f O 2 
H,02 -I- Pt(2H) = Pt -h 2 H 2 O 

The measured reaction is therefore monomolecular. For this particular 
case we have practically eliminated the distinction between contact cataly¬ 
sis and reaction catalysis made by Bray (5) and Livingston (22). We 
do not agree with the conclusions drawn by Bray and Livingston in 
regard to catalysis in homogeneous solutions, though their premises are 
right. They have shown “that in acid solution hydrogen peroxide oxi¬ 
dizes bromide to bromine, and reduces bromine to bromide, and that 
these two reactions can take place independently in the same solution. 
When the rates of these two compensating reactions are equal, the net 
result is the catalytic decomposition of hydrogen peroxide. This consti¬ 
tutes a ‘steady state,’ in which the concentrations of bromine, bromide, 
and acid remain constant in a single experiment.” 

Bray postulates two electromotive forces for molal hydrogen peroxide 
in molal acid, a reducing one of Eh = -1-0.56 volt and an oxidizing one of 
Eh * -fl.78 volts. He considers that an oxidation-reduction catalysis of 
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hydrogen peroxide occurs when the electromotive forces of the oxidation- 
reduction couple lie between these two limiting values. In the first place, 
the steady state is not really one, because the concentrations vary with 
the concentration of hydrogen peroxide. If the catalysis is to continue 
until all the hydrogen peroxide is used up, the final electromotive force 
involved is ours of Eh — -f-1.16 volts and not the h 3 T)othetical ones given 
by Bray. 

What Bray should have said is that one gets an oxidation-reduction 
catalysis of hydrogen peroxide when one electromotive force lies above 
Eh = -fl-lfi volts and the other below it. Bray came to grief with the 
ferric salt catalysis of hydrogen peroxide, because there is no evidence of 
any reduction of ferric ion to ferrous ion by hydrogen peroxide. Bray 
mentions the possibility of oxidation to ferrate, but does not dwell on it. 
We explain the catalysis by the temporary formation of the instable ferric 
acid. When neutral hydrogen peroxide is added to neutral ferric chloride 
solution, a dark red color is formed temporarily, which is undoubtedly due 
to a higher valence of iron. 

This is confirmed by the work of Bohnson (3) and Robertson (37), who 
photographed the absorption spectra of solutions of ferric chloride alone, 
barium ferrate dissolved in acetic acid, potassium ferrate, and mixtures of 
hydrogen peroxide and ferric chloride. There is a striking similarity be¬ 
tween the bands for the two ferrates and those for the reaction mixture. 
On the other hand, a solution of ferric chloride shows no such character¬ 
istic bands in the yellow and green, and is totally opaque to the violet. 
When hydrogen peroxide is added to the ferric chloride, transmission of 
violet lines takes place and absorption bands appear in the yellow and 
green. 

One of the very interesting things about hydrogen peroxide is the alleged 
presence of perchromic acid in the blue solution obtained temporarily by 
adding hydrogen peroxide to a suitably acidified chromic acid solution. 
It is a regular experiment in all introductory courses in chemistry. As 
the name “perchromic acid” implies, most people consider that chromium 
has been oxidized to a higher valence than it has in chromic acid. Friend 
(13) writes the formulas for the perchromic acids as 


Ha O-OH 
HOO / 

HQ/ O-OH 


0 O-OH 

V / 

Cr—O-OH 


^ \. 


O-OH 


\ 

0=Cr—O-OH 



giving chromium a valence of seven. 

As a matter of fact, the evidence against the existence of a higher oxide 
of chromium in perchromic acid is conclusive. Chromic acid does not 
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bleach acidified permanganate and is therefore not oxidized by it, although 
acidified permanganate is a stronger oxidizing agent than chromic acid. 
The blue compound docs bleach acidified permanganate even after the 
free hydrogen peroxide has been removed. 

Lead peroxide does not give rise to the blue color. Platinum causes 
the blue color to fade more rapidly than it would otherwise, but takes 
quite a while. In spite of this we have been unable to produce the blue 
oxide by electrolysis with a platinum anode. The only agents which will 
give rise to the blue color are hydrogen peroxide and compounds which 
set free hydrogen peroxide, such as ozomolybdic acid, pervanadic acid, 
pertitanic acid, pertantalic acid, perzirconic acid, peruranic acid, per- 
tungstic acid, perboric acid (8), copper peroxide, mercury peroxide, etc. 
These are substances whose scientific names do not describe the products. 
These experiments were done before we had read the paper by Moissan (28), 
but our line of reasoning is identical with his. 

Consequently the blue compound is not a higher oxide of chromium, 
any more than barium peroxide involves a higher valence of barium. The 
blue compound is either an addition product or a metathetical product of 
chromic acid and hydrogen peroxide. It cannot possibly be chromium 
with a valence of seven, as many people assume. Addition of hydrogen 
peroxide to a chromic acid electrode does not raise the potential even 
when a blue color is formed temporarily. 

Spitalsky (44) found that in 3 normal sulfuric acid hydrogen peroxide 
reduces chromic acid practically instantaneously to chromic sulfate. 
Traube (49) showed that persulfuric acid dissolved in 70 per cent sulfuric 
acid causes chromic acid to go to chromic sulfate because a sulfuric acid of 
this concentration converts persulfuric acid rapidly into hydrogen peroxide. 
With persulfuric acid dissolved in a 40 per cent sulfuric acid no appreciable 
reduction occurs. This means that persulfuric acid does not oxidize 
chromic acid to any of the so-called perchromic acids. 

There is nothing really new about this. Werther (50), Pochard (30), 
Melikoff and Pissarjewsky (26), and Pissarjewsky (32) have pointed out 
more or less clearly that the colored products obtained by adding hydro¬ 
gen peroxide to acidified chromic acid, vanadic acid, molybdic acid, and 
tungstic acid do not correspond to higher oxidation stages of these metals. 

Schwarz and Giese (43) say that it is very improbable that chromium, 
which is in the sixth group, should ever have a valence of seven. Also, 
in all the other cases in which hydrogen peroxide reacts with an acid radical 
containing a metal, peroxide compounds are formed with an —0:0— 
group and no increase in the valence of the central atom (pertitanate (2), 
perzirconate, pervanadate (27), perphosphate, etc.). They come to the 
conclusion that the so-called perchromic acid is not an acid at all, but a 
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peroxide of the composition CrOe and the formula 


O 


O 




0 


Over fifty years ago Moissan (28) wrote the formula CrOs-HjOs, which is 
still good. 

Since hydrogen peroxide reduces quadrivalent lead to bivalent lead in 
acid solutions and reverses this reaction in alkaline solutions, there must 
be a transition at some point which will not necessarily come at pH=7. 
Schbnbein (37) fixed the point between lead acetate and basic lead ace¬ 
tate. Zotier (52) confirmed this. With neutral lead acetate and hydro¬ 
gen peroxide he got no lead peroxide; with basic salts he got a slight forma¬ 
tion of lead peroxide; and with alkaline solutions he got plenty of lead 
peroxide. It is not certain just what is meant by basic lead acetate, so 
we have checked Zotier’s results. Addition of hydrogen peroxide to a 
solution of lead acetate and lead monoxide in the proportions necessary to 
form Pb2(CHsC00)80H caused precipitation of lead peroxide. Additibn 
of increasing amounts of 0.766 N potassium hydroxide to 5 cc. of a solu¬ 
tion of lead acetate (50 g. of (CH3C00)2Pb-3H20) in 100 cc. of water 
followed by addition of 5 cc. of a 30 per cent hydrogen peroxide gave the 
following results. With 1 cc. of potassium hydroxide no lead peroxide. 
The pH of the solution, as determined by the indicator method, was 6.5. 
With 2 cc. of potassium hydroxide there was formed lead peroxide. The 
pH of this solution was 7.0. The zero point for lead acetate to lead 
peroxide in the presence of potassium hydroxide is between pH 6.5 and 
7.0. Substitution of sodium hydroxide does not affect the zero point 
within these limits of accuracy. 

Addition of increasing amounts of N/lOO acetic acid to 5 cc. of a basic 
Ifead acetate solution (10 g. of basic lead acetate, Pb 2 (CH»COO)»-OH, in 
100 cc. of water), followed by addition of 5 cc. of 30 per cent hydrogen 
peroxide gave the following results. With 35 cc. of acetic acid lead perox¬ 
ide was still formed, but 40 cc. of acetic acid prevented its formation. The 
pH values of these solutions were 7.0 and 6.4, respectively. When N/lOO 
hydrochloric acid was added, 35 cc. did not prevent the formation of 
lead peroxide while 40 cc. did. This corresponds to pH values of 6.2 
and 5.8, distinctly smaller than the 7.0 and<6.5 found with caustic alkali 
and acetic acid. This may have been a chloride effect. This seems to 
have been proved by experiments in which a 1 per cent solution of po¬ 
tassium chloride was substituted more or less completely for the hydro¬ 
chloric acid. The results in table 3 were obtained for the varying amounts 
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of potassium chloride necessary to prevent the formation of lead peroxide. 
When only potassium chloride was added to the basic lead acetate, the 
decrease in pH must have been apparent and not real The basic lead 
acetate gives lead peroxide at a platinum anode. 

Schonbein (40) reports that hydrogen peroxide reduces alkaline cupric 
oxide to cuprous oxide, and Brodie (6) says that sodium peroxide oxidizes 
ammoniacal cupric chloride temporarily to a higher oxide. Both are 
wrong. Schonbein mistook the yellow of the so-called copper peroxide for 
the yellow of cuprous oxide. Parnell (29) made the same mistake about 
ten years later. Brodie did not realize that the so-called copper peroxide 
is really just that. It does not represent a higher valence for copper, 
any more than the so-called perchromic acid represents a higher valence 
of chromium. Cuprous salts are oxidized to cupric salts by hydrogen 
peroxide both in acid and alkaline solutions just as ferrous salts are oxidized 
to ferric salts. 

TABLE 3 


Potassium chloride necessary to prevent the formation of lead peroxide 


VOLUME OF KCl (1 PER CENT) 

VOLUME OF HCl (N/lOO) 

pH 

CC. 

CC. 


0 0 

35-40 

5 8-0 2 

0 7 

30-35 

6 4 

1 0 

20-25 

6 6 

1 5 

0 

6 4 


Curiously enough a somewhat similar mistake has been made with 
regard to mercuric oxide. Martinon (25) says that mercuric oxide is re¬ 
duced to black mercurous oxide in alkaline solution by hydrogen peroxide. 
The electromotive force measurements for Hg \ HgO and Pt [ HgO con¬ 
tradict this. When pure mercuric oxide is treated with hydrogen peroxide 
in alkaline solution, it turns black as Martinon says, but the product is 
not mercurous oxide. By working at 0®C. as Pellini (31) did, one can 
isolate the red mercury peroxide, which is formed metathetically and 
which gives a blue solution wdth chromic acid. On addition of alkali there 
is an evolution of oxygen and the red compound turns black. That is 
impure metallic mercury. If it is dissolved in dilute nitric acid, one can 
then precipitate mercurous chloride, but this is no evidence for the prior 
existence of mercurous oxide. 

It is not really surprising that one cannot measure the true electro¬ 
motive forces of hydrogen peroxide in acid and in alkaline solutions. One 
can see the evolution of oxygen as a danger signal. There are other cases 
where one does not measure the true electromotive forces. Ozone is a 
stronger oxidizing agent than cobaltic sulfate, but electromotive force 
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measurements do not show it. Luther (24) has given a long list of criteria 
which should be met before one can postulate that a given electromotive 
force connotes a given reaction. We do not care for the stipulation that 
the Peters equation is a necessary criterion. That way leads to the activity 
concept. Loimaranta (23) cites the cases of trivalent and pentavalent 
arsenic and trivalent and hexavalent chromic acid where iodine serves 
profitably as electromotive promoter. 

Of especial interest to us is the work of Forbes and Bartlett (9), who 
found that the apparent electromotive force of acidified chromic acid was 
raised considerably by addition of ammonium ferrous sulfate. We have 
confirmed this. With molar chromic acid in molar sulfuric acid an appar¬ 
ent value was obtained of Ee = -1-0.990 volt as given in table 1. On 
addition of ammonium ferrous sulfate this rose to Ec — -|-1.150 or Eh = 
-fl.45 volts. Chromous sulfate, stannous chloride, arsenious acid, and 
potassium ferrocyanide produce similar though smaller effects. 

Forbes and Bartlett at first considered this to be due to a change in the 
platinum electrode, but pointed out that the effect cannot be obtained 
with sulfurous acid or with hydrazine. No satisfactory explanation for 
this phenomenon has yet been given. 

Luther (24) obtained a rise of electromotive force by reducing an oxidiz¬ 
ing agent instead of oxidizing a reducing agent. A dilute chloric acid has 
almost no effect on hydrobromic acid. If reduced to chlorine dioxide by 
means of tetravalent vanadium, the chlorine dioxide oxidizes hydrobromic 
acid practically instantaneously. 

In molar sulfuric acid the apparent electromotive force of hydrogen 
peroxide increases somewhat with increasing concentration of hydrogen 
peroxide, whereas the true electromotive force must decrease. 

The following general conclusions can be drawn: 

1. When the true electromotive force of any oxidizing or reducing agent, 
with reference to any electrode and in any solution, is larger than the true 
electromotive force of hydrogen peroxide in the same solution, that sub¬ 
stance will be reduced by hydrogen peroxide, provided such a reaction is 
possible. If the true electromotive force is smaller than the true value for 
hydrogen peroxide, that substance will be oxidized by hydrogen peroxide, 
provided such a reaction is possible. 

2. The true electromotive force, relatively to the hydrogen electrode, 
of hydrogen peroxide in M hydrochloric or sulfuric acid is about -1-1.16 
±0.03 volts; the corresponding value in M potassium hydroxide is about 
-f0.30 ±0.02 volt, subject to a correction for diffusion potential. The 
zero points for iodine to iodic acid in M sulfuric acid and for hydrobromic 
acid to bromine are apparently Eh = -1-1.16 volts. 

3. The primary reaction in the oxyhydrogen gas cell is the formation of 
hydrogen peroxide, as postulated years ago by G. N. Lewis and by Haber. 

4. The oxygen anion in hydrogen peroxide is O 2 , as shown by Tanatar. 
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5. The current-voltage curve for a sodium peroxide solution between 
platinum electrodes is the same type as that for a copper sulfate solution 
between copper electrodes. 

6. Hydrogen peroxide may be considered as dissociating reversibly into 
2H + 0 0. Reduction is done by the two hydrogen atoms and oxida¬ 
tion by the 0-0. The symmetrical structure for hydrogen peroxide is 
indicated. 

7. In the reaction between hydrogen peroxide and lead peroxide in acid 
solution, the lead peroxide is reduced by the hydrogen from the hydrogen 
peroxide, and all the oxygen gas comes from the hydrogen peroxide. This 
is the view put forward by Weltzien, Traube, and Baeyer. 

8. In the catalytic decomposition of hydrogen peroxide the reaction is 

2H + 0 0 + H 2 O 2 -> 2 H 2 O + O 2 

and not 

H2O2 H2O + 0 

This is the view advocated by Wieland. In the presence of platinum the 
reactions may be written 

H 2 O 2 + Pt « Pt(2H) + O 2 
and 

H 2 O 2 + Pt(2H) = Pt + 2 H 2 O 

The measured reaction is therefore monomolecular. 

9. Bray should have said that we get an oxidation-reduction catalysis 
of hydrogen peroxide when one electromotive force is larger than Ek = 
+ 1.16 volts and one is smaller. He was led astray by Haber^s hypothesis 
of an oxidation value for hydrogen peroxide greater than Eh = +1.16 volts. 

10. The blue so-called perchromic acid does not contain chromium with 
a higher valence than six. This is the view upheld by Moissan. The so- 
called pertungstates, pertantalates, pervanadates, permolybdates, perti- 
tanates, perzirconates, peruranates, perborates, etc., do not contain higher 
oxides; nor do copper peroxide and mercury peroxide. Acid permanganate 
is reduced by the blue comi)Ound just as it is by hydrogen peroxide. It 
is not reduced by chromic acid. 

11. When a substance is reduced by hydrogen peroxide in strongly acid 
solution and oxidized in a strongly alkaline solution, or the other way 
around, there must be an intermediate pH at which neither change takes 
place for any given concentration of hydrogen peroxide. With lead ace¬ 
tate this point comes between pH = 6.5 and 7.0. Presence of chloride 
displaces the apparent position of the point. 

12. No satisfactory explanation has yet been given for the rise of 
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electromotive force when ammonium ferrous sulfate, chromous sulfate, 
stannous chloride, arsenious acid, or potassium ferrocyanide is added to 
an acidified chromic acid solution. 

13. In molar sulfuric acid the apparent electromotive force of hydrogen 
peroxide increases with increasing concentration of hydrogen peroxide, 
whereas the true electromotive force must decrease. 

14. Hydrogen peroxide reduces acidified potassium iodate to iodine when 
the pH is larger than about 1.2 to 1.4, and oxidizes iodine to iodic acid 
when the pH is smaller than that. 

16. In approximately molar caustic potash, hydrogen peroxide should 
apparently oxidize potassium iodide to iodate, but the first step in such 
an oxidation is the formation of potassium hypoiodite and this substance 
is reduced by hydrogen peroxide. Consequently both potassium iodide 
and potassium iodate are practically stable to hydrogen peroxide in alka¬ 
line solutions. 

16. To oxidize alkaline potassium iodide to iodate, one must use a more 
powerful oxidizing agent than potassium hypoiodite. Ozone and alka¬ 
line permanganate meet this requirement. 

17. It is now possible to draw a sharp dividing line between peroxides 
and dioxides. The term lead peroxide is so well established that it is 
doubtful whether a change in nomenclature is wise. 

18. The chemistry of hydrogen peroxide is a hopeless subject for the 
phenomenological, or Baconian, experimenter, because the misleading ex¬ 
periment is everywhere. 
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The review of the literature on the subject of photosynthesis, from the 
advancement of Baoyer's hypothesis as regards assimilation of carbon 
dioxide up to the position of the work as it stands at the present time, leads 
one to believe that it demands (a) an investigation of the likely impurities 
besides organic matter, dust, etc., present at the seat of the evolution of 
carbon dioxide which is to be exposed to light, and (b) suggestions as to 
an apparatus which can be used everywhere under identical conditions. 

Results obtained in an investigation carried out with a view to find out 
the likely impurities and to suggest an apparatus, are embodied in the 
present paper. 


EXPERIMENTAL 

The experiments were carried out in sunlight using the apparatus shown 
in figure 1 and also in glass bulbs joined together, as will be described. 
Figure 1 indicates an apparatus made of soft glass having three bulbs a, b, 
and c. The bulbs a and b are joined together with a tube which is con¬ 
nected with the delivery tube d through which the liberated carbon dioxide 
pasvses into the solution in the bulb c; e is a passage to take out and fill in 
any solution in the bulb c. The passage e is coven^d with a test tube con¬ 
taining conductivity water. The bulbs a and b contain the carbonates 
under conductivity water or in solution, and hydrochloric acid, respectively. 
The carbonate and the acid are introduced into the bulbs through the 
mouth f, which is afterwards sealed in a blow-pipe flame. By tilting the 
apparatus towards the bulb a, the acid in b is allowed to come in contact 
with the carbonate in a and thus the evolution of carbon dioxide takes 
place; the gas passes through the delivery tube d into the solution in the 
bulb c. The acid is poured on the carbonate gradually from day to day 
while the apparatus is sealed at f and the passage e is co\'ered wuth con¬ 
ductivity w^ater, which is replaced from time to time, in a test tube. There 
is no possibility of any organic matter or dust entering the bulbs a, b, and 
c. Thus the necessity of corks, rubber tubing, or an exit tap-way arrange¬ 
ment can be easily dispensed with. 
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Another apparatus wherein carbon dioxide, in the presence of water, is 
to be exposed has two glass bulbs joined together and sealed at the other 
ends. The bulbs contain carbonate or marble pieces and hydrochloric 
acid, respectively. The bulb containing the acid is tilted towards the 
other bulb, and thus the acid is allowed to come in contact with the car¬ 
bonate or marble pieces, or the carbonate with metallic magnesium or tin 
foil. Carbon dioxide and hydrogen, thus formed, are in a nascent state 
and can be conveniently exposed to light at the time of their liberation, in 
the presence of water. 

Before use the apparatus was carefully cleaned with hot chromic acid 
mixture and washed several times with distilled and finally with conduc¬ 
tivity water. Merck's extra pure guaranteed reagents were used after 
necessary precautions. 



Schryver’s and Rimmi’s tests were applied for the detection of formal¬ 
dehyde. The contents of the apparatus were taken out in beakers after 
exposure to sunlight, neutralized, and distilled. The distillates were 
tested for formaldehyde. The marble pieces, barium carbonate, magne¬ 
sium powder, and carbonates of nickel and cobalt, were well washed with 
hot conductivity water before use. 

DISCUSSION OF RESULTS 

The carbon dioxide, obtained from barium or sodium carbonate and 
hydrochloric acid, though exposed to light for forty-four hours, in the 
presence of water and in “statu nascendi," does not indicate the formation 
of formaldehyde. However, if the source of carbon dioxide is dianged to 
marble pieces and hydrochloric acid there is a clear formation of formalde- 
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hyde, even for an exposure of eight hours. This must be due to certain 
impurities present in marble pieces (vide experiments 1, 2, and 3, table 1). 
L. Moser (2) has discussed the purification of the carbon dioxide gas 


TABLE 1 

Experiments performed in the double-bulbed apparatus 


EXPT. 

CONTENTS OF 


TIME 

OF EX¬ 
POSURE 

RESULTS 

NO. 

Bulbl 

Bulb 2 




hours 


1* 

BaCO* under conduc¬ 
tivity water 

iV/10 HCl 

44 

No formaldehyde detected 

2* 

10 per cent NaaCOa solu¬ 
tion 

N/m HCl 

44 

No formaldehyde detected 

•3t 

Marble pieces 

AT/IO HCl 

8 

Small quantities of formal¬ 
dehyde detected 

4t 

BaCOa and Mg powder 

N/10 HCl 

8 

Odor of formaldehyde; for¬ 
maldehyde detected 

5t 

BaCOa and Sn foil 

JV/lOHCl 

8 

Formaldehyde detected; no 
odor of formaldehyde 


* These experiments were repeated four times. 

t These experiments were carried out in the dark with negative results. 


TABLE 2 

Experiments performed in the apparatus shown in figure 1 


EXPT. 


CONTENTS OF 

TIME or 

RESULTS 

NO. 

Bulb a 

Bulbb 

Bulb c 

BURE 

6 

BaCO, 

A/lOHCl 

Conductivity water 

hours 

43 

No formaldehyde de- 

7 

BaCOa 

AT/lOHCl 

Dilute solution of 

44 

tected 

No formaldehyde de- 

8 

BaCO, 

N/10UC\ 

FeCla 

NiCO, suspended un- 

40 

tected 

No formaldehyde de- 

9 

Marble 

\ 

NHCl 

der conductivity 
\rater 

Conductivity water 

8 

tected 

Small quantities of 

10 

pieces 

BaCOa 

N/10 HCl 

Dilute solution of HaSi 

8 

formaldehyde de¬ 

tected 

Small quantities of 

11 

BaCOs 

N/IQ HCl 

Dilute solution of 

8 

formaldehyde de¬ 

tected 

Small quantities of 

12 

BaCO, 

N/IO HCl 

H,SO, 

Mg powder suspended 

8 

formaldehyde de¬ 
tected 

Formaldehyde de¬ 




under conductivity 
water 


tected; odor of form¬ 
aldehyde 


All of these experiments were carried out in the dark with negative results. 
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from marble pieces and hydrochloric acid and recommends the use of 
cupric sulfate on pumice to remove hydrogen sulfide and a solution of po¬ 
tassium permanganate to remove sulfur dioxide. Thus the impurities 
which are likely to be present and can be removed completely by using 
such reagents as copper sulfate on pumice and potassium permanganate, 
are the well-known reducing agents. The presence of these substances at 
the seat of reaction is responsible for definite tests of the formation of 
formaldehyde as is indicated by the results of experiments Nos. 3 and 5 
(table 1) and Nos. 9, 10, and 11 (table 2). Great care is, therefore, essen¬ 
tial to remove the above ‘impurities’^ when marble with hydrochloric acid 
is used as a source of carbon dioxide. It is quite clear from experiments 
No. 4 and 12 that, by using magnesium powder as a reducing agent, there 
is a distinct formation of formaldehyde so as to give off its odor even after 
an exposure of about eight hours to sunlight, while in the dark under thV 
same conditions no formaldehyde is formed. Even Fenton (1) could not 
get the results so clearly in an ordinary ^^dark reaction” when a stream of 
carbon dioxide was passed to saturation for about eighteen to twenty-four 
hours through pure water in contact with several rods of amalgamated 
magnesium. He obtained slight indication of fonnaldehydc formation. 
It seems that the nascent state of both carbon dioxide and hydroge^n is 
responsible for distinct formation of formaldehyde in the results mentioned 
above. 

Further work has been undertaken to study the effect of different and 
increased periods of exposure to light by using the above apparatus and 
purest carbon dioxide. 


SUMMARY 

1. The experiments carried out reveal that the photoreduction of car¬ 
bon dioxide to formaldehyde is facilitated by the presence of hydrogen in a 
nascent state, the nascent state of carbon dioxide being another condition. 

2. An apparatus has been suggested wherein both carbon dioxide and 
hydrogen can be exposed to light at the time of their liberation by avoiding 
the use of corks, rubber tubing, exit tap-way arrangements, etc., and with 
the exclusion of organic matter, dust, etc. 

3. Impurities which are much discussed in the literature might be hydro¬ 
gen sulfide and sulfur dioxide in small quantities. 

The author gratefully acknowledges the help of his senior colleague, Prof. 
Chandorkar, with whose skill in glass blowing it was possible to prepare 
the apparatus. 
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I. INTRODUCTION 

From a strictly thermodynamic point of view we may study the proper¬ 
ties of solutions of electrolytes by considering the solute as undissociated, 
completely dissociated, or incompletely dissociated. We thus have three 
corresponding ^'descriptions'' of the same solution and three sets of activity 
coefficients. Thermodynamics imposes definite mathematical relations 
between these various sets. The straightforward derivation of these rela¬ 
tions is the purpose of the present paper. We shall make use of the 
thermodynamic method of Gibbs, as expounded for instance in Guggen¬ 
heim's (2) recent book or in De Donder's "Affinity" (1). A comparison 
will be made with the method of Lewis and Randall (4). The results thus 
obtained are general. They lead to simple formulas for the particular 
eases of extremely low concentrations and of very weak electrolytes. 


IT. LIST OF SYMBOLS AND FUNDAMENTAL RELATIONS 

T = absolute temperature; P = exterior pressure 
Description No. 1: the solute is assumed to be imdissociated. 


m 

M 


chemical potential] 
mole fraction 
activity coefficient 
osmotic coefficient 
chemical potential 
mole fraction 
activity coefficient 
molality of the solution 

number of moles corresponding to 1000 g. of solvent (for 
water Af = 55.51). 


> of the solvent. 


of the solute. 
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Between these various quantities the following relations hold: 

(r, p) + ier In (i-D 

= /iDoCr, P) + g[^^RT In (1-2) 

P)+RT\n (1-3) 

The fJ^’s are for a given solvent functions of temperature and pressure only. 
We also have: 


M*' = 


m + M 


M'’ = 


tn + M 


Description No. S: the solute is regarded as completely dissociated, each 
molecule breaking up into p+ positive ions and v_ negative ions, the sum 
1 '+ + r- being represented by v. 


of the solvent. 



= chemical potential 

N^y 

= mole fraction 

fy 

= activity coefficient 

gy 

= osmotic coefficient ^ 

,y, 

= chemical potentials 


N+ \ = mole fractions 

= activity coefficients 


of the positive and negative ions. 


We have: 


p.y = ixyyr, p) + RT In Nyfy 

(2.1) 

py = pyHT, P) + gyRT in Ny 

(2.2) 

py = p) + RT In Nysy 

(2.3) 

py = py^T, p) + RT In Nyfy 

(2.4) 

Ny = ^ 

(2.5) 

vm+ M 

(2.0) 

Y(2) _ »'-»» 

vm + M 

(2.7) 


Description No. S: the solute is regarded as incompletely dissociated 
into single ions, the molality of the undissociated solute being (1 — a)m, 
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that of the positive ion and that of the negative ion A more 

detailed treatment could take into account the possible presence of inter¬ 
mediate and complex ions. 


of the solvent. 


(3) 

Ml 

= chemical potential 


= mole fraction 1 

sr 

= activity coefficient | 


= osmotic coefficient ^ 


= chemical potentials! 


= mole fractions | 


= activity coefficients] 


= chemical potential ' 


= mole fraction 


= activity coefficient ^ 


We have: 


of the positive and negative ions. 


of the undissociated solute. 



- 

iT,P) 

+ 

RT 

lnM”/\’’ 

(3.1) 


- A“' 

{T,P) 

+ 


RT In 

(3.2) 


- 4‘>" 

(T,P) 

+ 

RT 


(3 3) 


- »l”" 

(r,p) 

+ 

RT 

In ATL’^J* 

(3.4) 



iT,P) 

+ 

RT 

In 

(3.6) 


[1 

+ 

(*' 

- 1 )«] 

m 

+ 

M 




av+m 




[1 

+ 

(•' 

- 1 )«] 

m 

+ 

M 




av^m 




fl 

+ 

(■' 

-Dec] 

m 

+ 

M 



(1 — a)m 



u 

+ 


- 1 )«] 

rn 

T 

m 


= 


Since the are independent of composition, it is evident that they are 
related as follows: 


A"‘ 

= M?'" = 

(4.1) 



(4.2) 


= mL”" 

(4.3) 

rf” 

= 

— Hn 

(4.4) 
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III. FREE ENERGY OP THE SOLUTION IN THE THREE “DESCRIPTIONS” 

Let US apply the well-known relation between the free energy, F, the 
chemical potentials, tn, and the numbers of moles, n,-, of the various 
constituents: 

(5) 

t 

The free energy of an amount of solution consisting of 1000 g. of solvent 
and m moles of electrolyte is given in description No. 1 by 

F = + mA” (6.1) 

in description No. 2 by 

F = -1- (6.2) 

in description No. 3 by 

F — Mil'll -f m[a{y^n'-+'* -j- v./iL'O + (1 — a)i«*u’] (6.3) 

These three expressions of F for the same solution should of course be 
identical. Moreover, the contribution of the solvent is the same in the 
three cases, as well as that of the solute. Equations 6.1,6.2, and 6.3 give 
then: 

. ,'•> (7.1) 

and 

Ms'’ = ''+M+’ + V-M-’ = «(«'+M+’ + »'-M-’) + (1 - «)mI” (7.2) 


rv. ACTIVITY AND OSMOTIC COEFFICIENTS OP THE SOLVENT 

A. Rekdions between the three activity coefficients of the solvent 
From equations 7.1, 4.1,1.1, 2.1, and 3.1 we deduce 

= iv<, 

and, thanks to equations 1.4, 2.4, and 3.6, 

/i'’ ^ _ /i'’ 

m + M vm + M [1-f-(i'— l)a1w-f-M 


( 8 ) 

(9) 


B. Relations between the three osmotic coefficients of the solvent 
Thanks to equations 1.2,2.2, and 3.2, equation 8 also gives: 

ffV’ In In In (10.1) 

+1)" «■”(*+f) = »■ ’[‘ + 

( 10 . 2 ) 



COEFFICIENTS OF 8THONQ AND WEAK ELECTROLYTES 


407 


C. Special case of extremely dilute solutions 
m, vm, [! + (»' — l)a]TO are then negligible compared to M. Equations 


9 and 10.2 become 


= vg[^^ = [! + (.- l)a]j7'/> 


V, RELATIONS BETWEEN THE SETS OF ACTIVITY COEFFICIENTS OF THE SOLUTE 

A . General relations 

In description No. 3 the ions are regarded as being in equilibrium with 
the undissociated part of the solute. We thus have the equilibrium 
condition: 

(13) 


Equation 7.2 can then be written: 

= «'+/:«+^ + = Mu ^ (14) 

From this relation and from equations 1.3, 2.3, 2.4, 3.3, 3.4, and 3.5, 
modified on account of equations 4.1, 4.2, 4.3, and 4.4, we deduce: 






= In [(ivV*>) -(;vL*>)' (/i*>) >^(0 )'-] = In [(iVV’^) '^(i\^L’>) '-0) '0 )'-] 

,/ l )0 „ ^( 2)0 „ ^( 2)0 

= In ~ ” ■ 


Introducing the equilibrium constant K (F, P) defined by 


In mr, P)] = -. (16) 

equation 15 becomes 

= (M*’)'*(iVL*^)' 0 )'^ 0 ^)''- 

= 0 ^) ' 0 ^) "- 0 ) ^* 0 ) ( 17 ) 

It has been pointed out by Guggenheim (3) that ionic actiA’ity coeflScients 
are thermodynamically undetermined. Thermodynamically determined 
are only combinations of ionic activity coefficients of the form 

n/^ (181) 

t 

in which the quantities \i are related to the algebraic valences Zi of the 
ions by the relation: 

i: \Zi = 0 (18.2) 






, ( 2)0 
I'-/LI¬ 
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In the case of a single electrolsrte an expression of the fonn of equation 18.1 
is the mean activity coefficient of the ions/± defined by 

(/±)’ = (/+)'*(/-)’- (19) 

It has thermodjmamic significance because 

V+Z+ + = 0 (20) 

It is also convenient to define mean mole fractions N ± 

(N±y = {N+y*iN.y- ( 21 ) 

and mean molalities 

(»i±)' = (»»+)'*(?»_)'■ = v+vL~-tn* (22) 

These mean quantities (19, 21, and 22) may be used both in description 2 
and in description 3. 


Equation 17 then becomes 

or, thanks to equations 1.5,1.6,2.6,2.7,3.7,3.8, and 3.9 , 


(23) 


K 


m 


m + M 


1) _ j± _ _ 

L*w + Af J Lu 




+ (. 

= K: 


l)a}m + M_ 


m' 


__ (OA) 

[1 + _ l)a]m + M ^ 

Equation 23 could be decomposed into the two symmetrical relations: 

(25.1) 

( 25 . 2 ) 

The corresponding relations deduced from equation 24 are less symmetrical; 


m + Af * [1 + (»' 


l)a]m + M 


vm-j- M [!+(«' — l)a]m + M 


•(26.1) 

(26.2) 


= (1 - a)m (27.1) 

m± ^ = aw± ’ (27.2) 


We have 
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Equations 26.1 and 26.2 become: 

(1 - 

m-\- M [1 + (p — \)a]m + M 
vm + M [! + (»— l)a]m + M 


(28.1) 

(28.2) 


B. Special case of extremely dilute solutions 

When m, vm, [1 + (k — l)a]m are negligible compared to M, equations 
12, 23.1, and 23.2 become: 


f ™/(i) _ j± _ j± _ 

~l M J“L M _ ~ 


jcJfbt 


/'*> = (1 - ads'-: 

fr = 


(29) 

(30.1) 

(30.2) 


These equation.s are approximate but general, since they do not involve 
non-thermodynamic assumptions. 


VI. THE LIMITING VALUES OF THE ACTIVITY COEFFICIENTS AND OSMOTIC 
COEFFICIENTS AT INFINITE DILUTION 


The coefficients 




f 


(3) 


/I ) 


9i } 


/(l) /(2) 

J2 ) J± } 


f{9) 


fu 


<3) 


are all thermodynamically indeterminate when m tends towards 0. It is 
necessary, in order to determine them all, to make non-thermodynamic 
assumptions regarding: (a) the limiting values for m = 0 in one of the 
descriptions, and (b) the behavior of the function a = a{m) as m approaches 
0. We shall assume that the solution becomes ideal in description No. 2 
when m tends towards 0. We thus have: 


[lim/l*']„_o = 1 

(31.1) 

Him = 1 

(31.2) 

[lim = 1 

(31.3) 

Moreover we shall assume that 


[lim a]„_o = 1 

(31.4) 
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regardless of the actual form of the function a « «(»»). We then deduce 
from equation 11 (the formulas obtained above for small molalities become 
more and more accurate as m tends towards 0): 

lim/i‘> = lim/i*> = lim/i*> = 1 (32) 

From equation 12 

lim = »lim = v (33,1) 

lim = lim = 1 (33.2) 

From equations 29 and 22: 

lim/,‘> = lim (/i*0' = 0 (34.1) 

or 

lim/,*’ = 0 (34.2) 

From equation 30.1: 

lim A®’ = lim ^ (35) 

Since lim /,*’ = 0 and lim (1 — a) = 0, is indeterminate. From 
equation 30.2 

lim/f’= lim-^’= 1 (36) 

a 


VII. PARTICULAR CASE OP VERY WEAK ELECTROLYTES 


Instead of making use of the assumptions 31.1 
foregoing section, it will be more convenient, in 
electrolytes, to assume that: 

, 31.2, and 31.3 of the 
the case of very weak 

[lim == 1 

(37.1) 

[lim = 1 

(37.2) 

[lim/f’],„^ - 1 

(37.3) 

[Urn = 1 

(37.4) 

[lim a]^ = 1 

(37.5) 

If the electrolsrte is so weak that /i®’ and approach unity much more 

rapidly than a, equations 30.1 and 30.2 become: 

/■” - 1 -« 

(38.1) 

A" - « 

(38.2) 
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These relations, approximately valid for small molalities, are thus partly 
non-thermodynamic. 

For electroI)rtes obeying exactly Ostwald^s dilution law: 


a" 

1 — a 

(39) 

we may replace our assumptions (37) by: 


fr = 1 

(40.1) 

= 1 

(40.2) 


(40.3) 

relations holding in tlie same range of extreme dilutions as the dilution 
law (39). 

Equation 38.2 is a justification for referring, as is often done, to/^ ^ as to a 
“thermodynamic degree of dissociation.^’ The considerations developed 
in the present paper should clearly indicate the limitations of this concept 
(5). 


VIII. COMPARISON WITH THE METHOD OF LEWIS AND RANDALL 

The activity a 2 and the activity coefficient 72 of a solute species are 
defined by Lewis and Randall (reference 4, p. 255) as follows: 

F - Fo = i?r In 02 = fir In (myj) (41) 

F and are molal free energies. The superscript 0 refers to a “standard 
statc.^' For given temperature and pressure is independent of composi¬ 
tion. It is moreov(T assumed that 

(lim 72 )m-o == 1 (42) 

In the notation of the present paper equation 41 would read: 

' (r, P) + RT In (43) 


From equations 1.3 

and 1.5 we deduce: 



+ ftrin 

1-1 

1 = In A/+ fir In 


(44) 



\}+m\ 


Comparing equations 43 and 44 we get: 





= - RT In M 


(45) 

and 







rS-'- 


(46) 
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or, in terms of the mole fraction N'l^ of the solvent, 

=/<!>. 


( 47 ) 


The activity coefficients y of Lewis and Randall coincide with the “rational” 
activity coefficients / only at very low concentrations. From equation 47 
we see that, even for ideal solutions, yi will be appreciably different from 
unity at high concentrations. In the same way we have in description 
No. 2: 




A*’ 


(48) 


1 + 


vm 

'M 


and in description No. 3: 




A 


-(3) 


m 


r u 


1 + [1 + (•' ~ i)“l 

Ji! _ 

m 


(49.1) 


(49.2) 


1 + (1 + (>' — 1)«1 


M 


Replacing the various /’s by the various y’s in equation 24 we obtain, 
thanks to equations 46, 48, 49.1, and 49.2, 


K^y[^ 


'~L M J“L M 


(50) 


a remarkably symmetrical relation. 
In terms of activities we then have 


a'j‘> (^V®V*(aL*V- 


or 


^ M ~ 


(oL*’)'- 

ji) 




= = K' 


(51) 


(52) 


As shown before (equation 16), K is the tnie “dissociation constant” of 
the electroljrte. It is hence not allowed by thermodsmamics to assume 
arbitrarily, as do Lewis and Randall at the starting point of their treatment 
of strong electrolytes (reference 4, p. 326), that 


(ai*’)'" (aL*V 


= 1 


(53) 
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Fortunately this relation is never used, the significant relations being: 

(a5*V*(aL'>)'- = (54) 

and 


(7V*V^(7L^V-= (55) 


which are in no way expressions of the law of mass action. Equation 52 is 
the mathematical formulation of a “comparison'^ between descriptions 
1 and 2. 

As long as no use is made of the third description, assumption 53, 
although unnecessary, is perhaps permissible but, on the other hand, when 
all the descriptions art' used (cf. Randall and Allen (5)) equations 24, 50, or 
52 must be obeyed and one should not write separately: 






ji) 




K 


(56) 


IX. RESUME. LIST OF THEOREMS 

A certain number of the results obtained in the present paper may be 
considered as theorems. They are: 

A, General theorefns valid for all types of electrolytes and all concentrations 

1. The activity coefficients of the solvent corresponding to the three 
descriptions of the solution (no dissociation, complete dis.sociatioii, incom¬ 
plete dissociation) obey the n^lation: 

m + M vm + M [1 + — l)a] m + M 

2. The osmotic coefficients obey the relation: 

i» [i+I" [■+I" [i+"+ 

3. The activity coefficient of the solute in the first description (no dis¬ 
sociation) and that of the imdi^sociated solute in the third description 
(incomplete dissociation) are connected by the relation: 

= (i-«)//^ 

»i + M [! + («'— 1)«] m + jV 

4. The average activity coefficients of the ions in the second and third 
descriptions are connected by the relation (sec equations 19, 22, and 23): 

f(2) /(3) 

„_ h _ 

m + Af [1 + (v — 11«J+ M 





414 


PIERBS VAN BYBSEI.BBBOHE 


B. Theorems valid for very low concentrations 

Theorem 1: 

-/.*> 

Theorem 2: 

=» >Vi*^ = [! + (»-- l)a] g^i'^ 

Theorems: 

= (1 - «) A" 

Theorem 4: 

C. Theorems valid for very weak electrolytes at very low concentrations 

When a is very small and is practically equal to unity, the solution 
being apparently ideal, theorems 3 and 4 of the foregoing series become: 

= 1 - « ( 1 ) 

A*’ = « (2) 

X. SUMMARY 

Three thermodynamic descriptions of solutions of electrolytes cor¬ 
responding respectively to an undissociated, a completely dissociated, and 
an incompletely dissociated solute have been studied. Between the three 
sets of activity and osmotic coefficients certain thermodynamic relations 
are shown to hold. These are obtained in general form, and some interest¬ 
ing simple formulas are deduced for the particular case of very low con¬ 
centrations and that of very weak electrolytes. 


In concluding we wish to express our gratitude to Dr. J. W. McBain and 
Dr. F. 0. Koenig, of this laboratory, for their valuable suggestions and 
comments. 
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The purpose of the present investigation is to calculate from the freezing 
point data of Hausrath ( 2 ) and of Jones and Bury (3, 4) the activity and 
osmotic coefficients of aqueous solutions of acetic acid. As a typical 
illustration of the foregoing theory we shall determine these coefficients 
in the three thermodynamic descriptions corresponding respectively to an 
undissociated, a completely dissociated, and an incompletely dissociated 
solute. (Descriptions No. 1 , 2 and 3.) The notation is the same as that 
of the previous paper (5). 

For an electrolyte of the type of acetic acid = ly v 2) it can 

easily be deduced from the theorems of the preceding paper (5) that: 




K 


( 2 m + My 

m (m + M) 




[(1 + a) m -f Mp 
ahn (m + M) 


fis) _ /(i) (1 + a) m + M 

“■'* ■ (1 - a) (m + M) 


( 1 ) 

( 2 ) 

(3) 


We shall restrict ourselves to concentrations such that m, 2 m, (1 + o)m 
are small compared to M. Neglecting these quantities whenever they 
should be added to M amounts to using the Lewis-Randall coefficients 7 . 
Therefore we shall write our formulas in terms of these 7 ’s. 

Remembering that 

KM = A" (4) 


equations 1, 2, 3 become, in terms of the 7 ’s, 

A' 
m 

K. 

ahn 


[7^‘>P = 7 '*^' • 


(5) 

( 6 ) 
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From equations 5 and 6 we deduce: 




07 ^” 


Between the three osmotic coefficients we have the relation: 

. = (!+«) s',» 


(7) 

( 8 ) 
(9) 


Calling 6 the freezing point lowering and X the molar freezing point lowering 
(for water X = 1.858), we have: 


»■ ’ = s '■« 

The divergence function ji of Lewis and Randall is given by: 

= (11) 

The activity coefficient 7 ”^ at a certain molality m and the activity 
coefficient 7 'j‘o at another molality mo are connected by the relation: 

In ^ = ii.o - ji~ f ji • d In m ( 12 ) 

72,0 j ”‘0 

On figure 1 the values of —ji, deduced from the experimental results of 
Hausrath ( 2 ) and of Jones and Bury (3), are plotted against logic m. It 
will be seen that within the limits of experimental error the variation of 
—ji in terms of logic m is linear. We found that it can be represented by 
the equation: 


ji = 0.0371 logic m + 0.01484 (13) 

Equation 12 thus becomes: 

- 0-01855 [(logic my - (logic m«)*] 

72.0 ^"lOd (14) 

— 0.01484 [logic m — logic Wo] 

Equations 5, 6 ,7, and 14 form a system of four equations with six unknowns; 

-,(•) ,„(1) .^(2) J8) _(8) J ^ 

72 > 72.o> 7± , 7± > 7u > aou «• 

In order to determine all these quantities we shall assume that the 
Debye-Htickel theory applies to the dissociated part of the solute, and we 
shall determine 7 '* ,0 at a certain low concentration from a knowledge of 
the true dissociation constant of acetic acid. From the value of 7 'j,o we 
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shall then calculate T 2 ^^by means of equation 14 at concentrations for which 
is known. This procedure will thus enable us to avoid the graphic 
extrapolation of the ji curve to infinite dilution, which is particularly 
uncertain in this case. 

By means of careful measurements of the e. m. f. of cells without liquid 
junction of the type 

H 2 1 HAc(mi), NaAc(m 2 ), NaCKma), AgCl | Ag 


Harned and Ehlers (1) w^ere able to determine the true dissociation 
constant of acetic acid at various temperatures. At 0®C. they found: 



(15) 


Fig. 1. ji AND Ki 




1 


: FOR Aqueous Solutions of Acetic Acid 


Freezing point measurements of Hausrath and of Jones and Bury 


As shown by equation 9, and 1 + a are practically identical at very 
low concentrations, since should then be very nearly equal to unity. 
We thus have approximately, at low concentrations, 

—= a (16) 


On figure 1 are plotted against logio m the values of 


Ki 


1 +ii 


(17) 


It will be seen that Ki is by no means constant. At the concentration 
m = 0.002138 however, Ki is exactly equal to K', i.e., 1.653 X 10~*. 
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From equations 15,16, and 17 we then deduce that at this particular con¬ 
centration wio the following relation holds: 

W,!)’ - V.’.l ( 18 ) 

For this concentration mo we have: 

ao = —ji.o = 0.0843 

The ionic strength ao»»o being very small we may assume, with a very high 
degree of approximation, that the mean activity coefficient of the ions 
obeys the Debye-Hiickel limiting law, which in this case becomes: 


logw7±^ = — 0.5 \/am (19) 

TABLE 1 

Activity and osmotic coefficients of aqueous solutions of acetic add at 0°C. 


m 

-h 







^(3) 

a 



1 0843 

0 5421 



0.083 

0 985 


iiiai 



mm 



1.122 



1 199 



■!mK 

Hil 

0.5297 


1.161 


0 975 

1 219 

0 045 


0 0485 

1 0485 

0 5242 


1 192 

0 031 


1 232 

0 032 




0 5168 

1 012 

1.219 



1 245 


0 1 


1 0225 

0.5112 



0.014 


1 248 

0 015 



■nnn 



1 230 

IjMjKjl 

0.948 

1 246 




H 

0 4983 


1 139 


0 934 

1 145 



At the concentration mo 

= 0.9847 

and, thanks to equation 18, 

yi*} = 0.9696 

The thermodynamic relation 7 gives then: 

t'sVo »(!-«) yiVo = 0.8879 
and equation 14 becomes: 

logio = 0.08362 - - 0.01855 (log,om)* - 0.01484 logic m (20) 

The values of ji corresponding to a certain number of round concentrations 
between mo and 0.5 are obtamed from figure 1, and the corresponding 
coefficients y*’ are then calculated by means of equation 20. From 
we calculate 7 ± ^ by means of equation 5. Knowing we deduce a 
and y± ^ from the two simultaneous equations 8 and 19, which when com¬ 
bined give, 

y±^ _ 1.15 v^m 


a 


( 21 ) 
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or, at very low values of y/am, 

^ = 1 - 1.15 Vam (22) 

a 

and m being known, we deduce from equation 22 a first and apparently 
sufficient approximation for a. 7 ^ ^ is then calculated by means of equation 
19. 72 ^ and a being known, is calculated by means of equation 7. 

is known, and are calculated by means of equation 9 . 

All the numerical results are given in table 1 . Those which are directly 
derived from the measurements (—ji, are given to four decimal 

points. The others are given to only three decimal points. 

As was to be expected, y^^^ is slightly smaller than a. 

At infinite dilution we have: 


lim 7 i ^ = 1 

(23) 

From the theorems of our previous paper we then deduce: 


lim 7 ^^^ = 1 

(24) 

We may assume that 


B 

II 

(25) 

We have shown that equation 24 leads to 


11 

0 

(26) 


An examination of table 1 will show that, somewhere at extremely low 
concentrations, 7 ^^ ^ will increase rapidly so as to reach the value 1 at m = 0 
and 72 ^ will decrease to the value 0 at m = 0 . 


SUMMARY 

The various activity and osmotic coefficients corresponding to the three 
thermodynamic descriptions (undissociated, completely dissociated, in¬ 
completely dissociated solute) for aqueous solutions of acetic acid are 
deduced from the best available freezing point data. 

The value 1.653 X 10of the dissociation constant at 0 °C., determined 
by Hamed and Ehlers, is used. The activity coefficients are obtained 
without the usual graphic extrapolation to infinite dilution, thanks to the 
combined use of the dissociation constant, of the Debye-Hiickel limiting 
law, and of an empirical relation giving the dependence of the Lewis- 
Randall deviation function on molality. 
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I. INTRODUCTION 

Acetaldehyde is a compound of very considerable activity. In gaseous 
form, under different conditions, it will undergo a number of different 
reactions of which the predominant one is the simple decomposition, 

CH3CHO CO + CH4 

A study of the equilibrium that results, with the possible reversal of the 
reaction to synthesize acetaldehyde from carbon monoxide and methane, is 
of interest from both theoretical and practical standpoints. 

Thermodynamical calculations for this reaction have been made. Those 
based on generally accepted values (e.g., Parks and Huffman (5)) of free 
energies for the compounds involved indicate an equilibrium very unfavor¬ 
able to synthesis. There is some uncertainty involvt'd in such calculations, 
but to indicate a measurable partial pressure of acetaldehyde under the 
experimental conditions, the error in such free energy calculations would 
have to be at least 15,000 cals. It is tnie, however, that small amounts of 
acetaldehyde have been produced in the electric spark (3) and by the use of 
silent electric discharge (4). This paper gives the results of research on 
catalysts for this reaction. 

II. CATALYSTS 

Obviously the decomposition reaction is in this case most convenient for 
study of the catalysts; a dynamic method was first used. In order to test a 
material for catalytic activity some of it was placed in glass in a furnace, 
and activated by a stream of hydrogen. Then several grams of acetal¬ 
dehyde were passed over the activated material by use of nitrogen as the 
inert carrier gas. Liquid products were removed by strong cooling, and 
were weighed and examined; fixed gases remaining were measured and then 
analyzed by the usual methods of absorption and combustion. Tem- 

' From the thesis submitted to the Graduate School of The Johns Hopkins Uni¬ 
versity in partial fulfillment of the requirements for the degree of Doctor of Phi¬ 
losophy, May, 1932. 

* Bill Raskob Foundation Fellow, 1929-33. 
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perature, rate of flow of gases, volume changes, and presence of color, odor, 
and high-boiling fractions in the recovered liquids were also noted on each 
of the sixty-six runs. 

Metals for the catalysts were precipitated in the form of hydroxides, 
either pure or with supporting materials admixed. After being washed and 
dried, they were reduced in a stream of hydrogen at 300°C. for copper, 
400‘’C. for nickel, and SOO'C. for iron and cobalt, and cooled in an atmos¬ 
phere of purified nitrogen. 

Results indicate that copper is not a catalyst for this reaction. Other 
investigators (2) found that copper, on the contrary, favors condensation 
to form paraldehyde, metaldehyde, and crotonaldehyde. Iron shows very 
little activity, even at 300‘’C. Cobalt is more active than iron, but less so 
than nickel, which shows marked activity even below 200®C. Cobalt 
catalysts produce a relatively high hydrogen content in gaseous products, 
and are also sensitive to a slow poisoning effect, which Russel and Marsch- 
ner (6) attribute to formation of crotonaldehyde. 

Supported catalysts resemble the corresponding pure metals, but siliceous 
supporting materials also favor extensive side reactions, producing high- 
boiling liquids and a very low CO:CH 4 ratio. Catal 3 nsts made from 
amalgams were less active than the corresponding reduced metal, probably 
because of remaining traces of mercury, exceedingly difficult to remove. 

A dark green, gel-like precipitate, formed by action of excess sodium 
hydroxide on an 8 per cent nickel nitrate solution was, after reduction, the 
material showing greatest activity and most freedom from side reactions. 
This catalyst was used in all subsequent equilibrium studies. 

III. EQUILIBRIUM STUDIES 

Preliminary studies indicated that in a steel bomb the decomposition 
of acetaldehyde was quite slow, the reaction continuing for at least one 
hundred and fifty hours. It also became evident that the temperature 
must be limited to 175®C. or above to prevent formation of nickel car¬ 
bonyl, and to 225°C. or below to prevent formation of carbon dioxide 
and carbon. The presence of much carbon dioxide was found to aid in 
preventing resin formation as well as in suppressing carbon deposition, 
therefore its use was adopted. 

In the adopted procedure, 25 g. of acetaldehyde was sealed in one thin- 
walled glass tube; in a similar tube 15 g. of catalytic material was reduced 
with hydrogen at 400®C. for three hours and sealed. Both sealed tubes 
were placed in the 485-cc. steel bomb, the bomb then closed, evacuated, 
filled with carbon dioxide to a pressure of 735 lbs. per square inch, and 
finally the glass tubes were smashed. Small samples of the contents were 
blown off at about twelve-hour intervals for analysis by a method similar 
to that of Ripper (1). This method involved collection of the sample over 
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mercury, absorption in strong sodium bisulfite solution, and determination 
of acetaldehyde by the use of strong iodine solution and dry sodium bicar¬ 
bonate, and titration with standard iodine solution. The method is 
reported to be satisfactorily specific for acetaldehyde in the presence of only 
small amounts of higher aldehydes, and involves a possible experimental 
error in absorption and titration estimated to be equivalent to 0.03 “per 
cent by volume.^^ Residual gases were analyzed by absorption and com¬ 
bustion for carbon dioxide, carbon monoxide, methane, ethane, hydrogen 
and unsaturated hydrocarbons. 

Table 1 contains the results of one run made according to the above 
procedure. The temperature was first held at 200®C., then lowered and 
held at 175°C. The increase in aldehyde content following the lowering of 


TABLE 1 

Change of aldehyde in hoinh 


TEMPERATt RE 

ELAPSED TIME 

ALDEHYDE 

degrees C. 

h<mrs 

per cent by volume 

' 

12 

1 85 


35 

1 74 


60 

1 01 


108 

0 38 

200 ±2 1 

117 

0 36 


141 

0 28 


167 

0 25 


179 

0 25 

f 

1 

204 

0 28 

175 ±2 { 

494 

0 34 

1 

515 

0 31 


the temperature seems to indicate attainment of equilibrium, although the 
actual amounts present are quite small. A corresponding slight decrease 
of both carbon monoxide and methane content also occurred. On opening 
the bomb a very slight amount of free carbon and several cubic centimeters 
of liquid but no resinous material was found. 

Previously in the course of catalyst studies, an approximately equimolar 
mixture of carbon monoxide and methane was passed over an active 
catalyst at 175®C. and atmospheric pressure and through a liquid air trap. 
After the liquefied methane had boiled away, a definite odor of acetaldehyde 
was observed, and the rinsings of the bulb gave a weak positive test to 
fuchsine reagent. The results, however, could not be repeated. 

Three attempts at synthesis were made by sealing in a glass tube of about 
15-cc. volume, approximately 5.0 g of activated catalyst, 0.01 mole of 
liquid methane, and 0.02 mole of carbon monoxide in the form of nickel 
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carbonyl, then heating the tube under high external pressure in a bomb at 
170~19{)°C. for about sixty hours. Neither acetaldehyde nor any resin 
which would be evidence of temporary existence of acetaldehyde could 
be detected. 


IV. SUMMARY 

Numerous catalysts for the decomposition of acetaldehyde into carbon 
monoxide and methane have been studied; nickel precipitated by sodium 
hydroxide and reduced with hydrogen at 400®C. proved to be the best. 
Equilibrium conditions have apparently been attained in one direction, 
but attempts to approach them in the direction of synthesis were not very 
successful. 
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The present study is an extension of previous work carried out in this 
laboratory on adsorption at crystal-solution interfaces (2, 3, 4, 5, 10). 
Part I is concerned primarily with the effect of stirring on the habit of 
alum crystals, grown both from pure solutions and from solutions con¬ 
taining small quantities of dye. Part II deals with the influence of acids 
and alkalies on the habit of alum crystals. 

I. EFFECT OF STIRRING AND RATE OF GROWTH ON THE HABIT AND DYE 
ADSORPTION OF ALUM CRYSTALS 

Observations were made of the habit of individual potassium alum 
crystals grown both from stirred and from unstirred solutions. Quantita¬ 
tive measurements of the change in the relative growth rates of the cube 
and octahedral faces caused by stirring and by the adsorption of diamine 
sky blue were made and expressed in terms of the growth ratio Fioo/Fiii 
where Fioo and Fm represent the relative rate of growth (i.e., perpendicu¬ 
lar displacements) of the cube and octahedral forces respectively. The 
measurements were made by photographing the growing crystal every hour 
over periods ranging from twenty-four to forty-eight hours, using the 
apparatus and method described in previous papers. The growth ratios so 
obtained are given in table 1. 

The above work was carried out in a constant temperature room held at 
30°C. in which the humidity was controlled by the presence of open jars 
of calcium chloride. Further studies were made at about 23®C. (room 
temperature) with no effort to control the humidity. Potassium alum 
solutions containing varying concentrations of diamine sky blue were 
allowed to evaporate both with and without stirring and the resulting 
crystals analyzed colorimetrically to determine the amount of dye ad¬ 
sorbed. The results are given in table 2. 

^ Presented in part before the Division of Colloid Chemistry at the Eighty-sixth 
Meeting of the American Chemical Society held in Chicago, September, 1933. 
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Ammonium alum solutions containing varying concentrations of crystal 
violet were allowed to crsnstallize by cooling solutions saturated at 30®C. 
to room temperature (23®C.) • The crystals were filtered off and the filtrate 
allowed to evaporate at room temperature until another crop of ciystals 
was obtained. The results of the colorimetric analysis of these crystals 
are given in table 3, in which the column headed “hot solution” refers to 
solutions saturated at 30®C. and “cold solution” to those saturated at 23®C. 

From the results given in table 1 it is evident that the effect of stirring 
on potassium alum crystals grown both from pure solutions and from 

TABLE 1 


Growth ratio* of potastium alum cryttals 


BUBfiTANCX 

Vm/Vm 

Stirred 

Unstirred 

Pure potassium alum. 

Potassium alum + 0.002 g. of diamine sky blue per 100 cc. .. 

mwm 

1 61* 

Potassium alum + 0.004 g. of diamine sky blue per 100 cc. . 


■19 

Potassium alum + 0.006 g. of diamine sky blue per 100 cc. 


■^9 

Potassium alum -f 0.008 g. of diamine sky blue per 100 cc. 




* Keenen and France (4). 


TABLE 2 


Adsorption of diamine sky blue by potassium alum crystals 


niAlflNS SXT BLUB PBR 100 

CC. OF SOLUTION 

FBR CBNT of DTB ADSORBBD 

Stirred 

Unstirred 

gram$ 



0 002 

0 008 

0.01 

0 004 

0.017 

0 04 

0.006 

0 055 

0 09 

0.008 

0.080 

0 13 


solutions containing varying concentrations of diamine sky blue is to 
decrease the size of the cube faces, i.e., to increase the Vm/Vu\ ratio. 
Other workers have observed a similar decrease in the size of cube faces in 
the case of potassium alum grown from supersaturated (8), rapidly coolmg, 
or rapidly evaporating solutions (1). A consideration of Valeton’s theory 
(9) of crystal growth suggests a plausible explanation. Valeton assumes 
tiiat the actual rate of growth of any crystal face depends on two factors: 
(1) the specific rate of growth of that face (i.e., perpendicular displacement) 
which is dependent only on its ionic character, and (2) the speed with 
which the ions can diffuse to the face. Since the specific growth rate of the 
cube face is very high (because the face is populated by ions of like charge). 











ADSORPTION AT CRYSTAL-SOLUTION INTERFACES. VII 


427 


the actual growth rate is determined by tlie rate of diffusion to the face. 
Any condition (such as stirring or growth from supersaturated, rapidly 
cooling, or rapidly evaporating solutions) which increases the rate of diffu¬ 
sion will increase the actual growth rate of the cube face and hence the 
Vm/Vin ratio. 

The relatively greater size of the cube faces on crystals grown from 
unstirred solutions containing dyes than from stirred solutions can un¬ 
doubtedly be accounted for in part by the same explanation that holds for 
crystals grown from pure solution. A second factor, smaller dye adsorp¬ 
tion from stirred solutions as is shown in table 2, also is involved. The 
dye is adsorbe^d on the cube faces only, so that obviously the less color is 
adsorbed, the less the inhibiting effect on the growth rate of the cube faces, 
and the larger the Vm/Vni ratio. This lesser adsorption of color from 
stirred solutions can be explained by the increased rate of diffusion of the 

TABLE 3 


Adsorption of crystal violet by ammonium alum crystals 


CBY8TAL VIOLET PER 100 CC. 

OF SOLUTION AT 23*C 

PER CENT OP DYE ADSORBED 

Hot solution 

Cold solution 

grama 



0 03 

0 0035 

0 025 

0 03 

0 0028 

0 023 

0 04 

0 0540 

0 076 

0 04 

0 0550 

0 084 


alum ions; since these ions are available, they will deposit on the crystal in 
preference to the fonngn dye particles. 

It has previously been stated that the rate at which ions can reach the 
cube faces of alum is increased when crystals are obtained by rapid cooling 
or evaporation as well as by stirring. It should follow, then, that less color 
should be adsorbed by crystals grown by cooling warm solutions than by 
those produced by slow evaporation at room temperature. The results 
given in table 3 show that this prediction is verified experimentally. 

II. INFLUENCE OF ACIDS AND ALKALIES ON THE HABIT OF ALUM CRYSTALS 

Numerous workers have reported that alum crystallizes as cubes from 
alkaline solution; other investigators have reported changes in the habit of 
alum crystals grown in solutions containing various acids. Saylor (7) 
states that the influence of acid and alkaline solutions ^^upon external 
crystal form has served as a key to the entire field of adsorption and has 
tied in with those examples where adsorption has actually been demon¬ 
strated. The new technique is absolutely generaP^; and, further, ‘‘Nega- 
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tive ions are adsorbed on the octahedron faces of the alkali halides and 
barium nitrate, on the cube faces of potassium alum, and on the p}rramids 
of sodium nitrate. The other principal faces adsorb positive ions.” He 
has used as one of his examples the formation of large cube faces on al u m 
ciystals presumably grown from alkaline solutions or from other solutions 
containing readily adsorbable anions. 

The present study was made to determine the influence of acid and 
alkaline media on the crystal habit of potassium and ammonium alum. 
The solutions were made up by adding the proper amounts of the foreign 
materials to saturated alum solutions. Individual seed crystals mounted 
on copper or nichrome wires were suspended in the solutions and allowed to 
grow over periods ranging from a few days to several weeks. The con¬ 
centrations are expressed as the number of grams or per cent of foreign 
material per 100 grams of saturated solution. 

Up to 25 or 30 per cent concentrations of hydrochloric, nitric, acetic, 
sulfuric, and phosphoric acids the crystals showed the usual cubodctahedral 
form; the 110 face which frequently occurred in pure or slightly acid solu¬ 
tions tended to disappear at higher concentrations. Above 25 or 30 per 
cent, clumps of tiny crystals or needle-like formations formed in the nitric 
and phosphoric acid solutions, while crystal growth almost completely 
ceased in the other acids. 

Crystals of potassium alum grown in 1 per cent sodium carbonate solution 
were similar to those grown from pure solution. When a 2 per cent sodium 
carbonate solution was used, some aluminum hydroxide precipitated; when 
this was filtered off and crystals allowed to grow in the clear filtrate, cubic 
crystals were formed and more aluminum hydroxide precipitated as the 
solution evaporated. Ammonium alum cr 3 rstals in 1 per cent to 2 per cent 
sodium carbonate solutions were normal in habit. In 3 per cent solutions 
aluminum hydroxide was precipitated; crystals grown in the clear filtrate 
were cubic and more aluminum hydroxide precipitated as the solution 
evaporated. 

The above results indicate that crystals grown from acid solutions do not 
show the enlargement of the octahedral faces predicted by Saylor’s “abso¬ 
lutely general technique.” Crystals grown in sodium carbonate solutions 
from which no aluminum hydroxide had precipitated showed no change in 
form; the cubic crystals obtained in solutions where some aluminum 
hydroxide had precipitated were not alum crystals but sodium or potassiiun 
sulfate. 


HI. StIMMAEY 

Stirring causes a decrease in the size of the cube faces of potassium alum 
crystals grown both from pure solution and from solutions containing 
varying cwicentrations of diamine sky blue. For a given concentration of 
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dye, less color is adsorbed by crystals grown from stirred than from un¬ 
stirred solutions, and by those obtained by rapid cooling than by slow 
evaporation at room temperature. An explanation is offered to account 
for these facts. 

No appreciable change in habit occurs when alum crystals are grown 
from acid solutions or from solutions containing sodium carbonate from 
which no aluminum hydroxide has been precipitated. 
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INFLUENCE OF THE PRESENCE OF A SOLUTE ON RATE OF 

OSMOSIS 

RALPH N. TRAXLERi and HARRY N. HUNTZICKER 2 
Received July 10^ 19S4 

Most studies of osmotie phenomena have dealt with measurements of 
pressure with little reference to rates of transfer of material across the 
membrane. Although it is generally recognized that the presence of dis¬ 
solved material affects the osmotic pressure exerted by a liquid, the 
influence of a solute on the rate of passage of the solvent through a semi- 
permeable membrane has not been given serious consideration. For such a 
study two miscible liquids should be separated by a membrane which is 
permeable to one liquid and not to the other. Various substances should 
be dissolved in one of the liquids and the rates of osmosis compared with 
those obtained using the pure solvents. In the work described below a 
system composed of pyridine -rubber-water was used. 

If a water-soluble salt such as silver nitrate is dissolved in the pyridine, 
the flow through the rubber should be retarded, but not to the same extent 
as when a water-insoluble compound, such as anthracene, is dissolved in the 
pyridine. On the other hand an aqueous solution of potassium chloride, a 
salt which is insoluble in pyridine, should also retard the flow, because the 
aqueous solution has less attraction for the pyridine and thus should pull it 
through the rubber membrane less rapidly. 

EXPERIMENTAL 

The apparatus, materials, and method of experimentation were identical 
with those described in a paper (1) dealing with the effect of temperature 
on rate of osmosis. Since 35®C. was a convenient temperature at which to 
work and gave rates of flow large enough to be conveniently measured, the 
experiments were conducted at that temperature. It was pointed out in 
the previous paper that at 35^C. the determination of rates in the pyridine- 
rubber-water system could be duplicated with a high degree of accuracy. 

Early in the investigation it was noticed that pyridine, after standing in 
contact with the same nibber membrane for some tim(5, contained fine 
particles of dispersed material. Substituting this contaminated pyridine 
for the pure solvent showed that the suspended particles and dissolved 

* Present address, 116 Elm Ave., Rahway, New Jersey. 

• Present address, 912 Haskell Ave., Rockford, Illinois. 
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material which were present exerted a definite retarding action on the 
passage of the liquid through the membrane. It was this discovery that 
prompted the use of freshly distilled pyridine and a new rubber membrane 
in each determination. 



Fig. 1. Retardation of the Rate of Osmosis op Pyridine through 
Rubber to Water Caused by Dissolving Silver Nitrate 
IN THE Pyridine 

Curve I, pyridine-water; curve II, 0.5 N silver nitrate in pyridine-water; curve 
III, 1.0 iV" silver nitrate in pyridine-water. 

The data obtained are given in figures 1 to 4 inclusive. 

DISCUSSION 

The rates of osmosis are found to be very regular except at the beginning 
of the experiments. Irregularities may occur at the start of each experi¬ 
ment because a few minutes must elapse before the membrane becomes 
saturated with pyridine and a steady rate of flow is attained. For this 




ERRATUM 

S9, pp. 489-6: The ordinates of figures 1 to 4 should be labelled 
ridine per square centimeter of membrane.** 
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reason no deductions should be made until about thirty minutes after the 
beginning of the experiment, when the rates become constant. From 
thirty minutes on up to seven to ten hours the rates of osmosis at 25®C. to 
35°C. are very uniform for every combination studied. 



Fig. 2. Retardation of the Rate of Osmosis of Pyridine through 
Rubber to Water Caused by Dissolving Anthracene in 
THE Pyridine 

Curve I, pyridine-water; curve II, 0.08 M anthracene in pyridine-water; curve 
III, 0.16 M anthracene in pyridine-water. 

Organic and inorganic solvents in either of the liquids retard the dialysis 
rate. It might be expected that a molar solution of silver nitrate in 
pyridine would hold back the pyridine twice as much as a half molar ^ 
solution, but this is not found to be tnie (figure 1). Successive equal 
amounts of added solute make increasingly smaller changes in the rate of 
passage. Doubling the amount of anthracene in the pyridine (figure 2) 
has a smaller relative effect than doubling the concentration of silver 
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nitrate. Considering the effects of equal molar quantities of anthracene 
and silver nitrate, the organic compound is more effective than the silver 
salt in retarding the passage of the pyridine through the rubber membrane. 

Figure 3 shows that an aqueous molar solution of sucrose draws pyridine 
through a rubber membrane more slowly than a molar solution of potassium 



Fig. 3. Rbtabdation of the Rate of Osmosis of Pybidinb thbog gh 
Robbeb to Wateb Caused by Dissolving Potassium Chlobide 

AND SUCBOSE IN THE WaTEB 

Curve I, pyridine-water; curve II, pyridine-molar solution of potassium chloride 
in water; curve III, pyridine-molar solution of sucrose in water. 


chloride. However, with both solutions the rate of passage is slower than 
• with pure water. 

As mentioned above, when pyridine is allowed to stand in contact with 
rubber for many hours the liquid becomes contaminated with dissolved 
and dispersed material derived from the membrane. If such contaminated 
pyridine is used in a new experiment with a fresh rubber membrane the 
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rate of passage of the pyridine into the water is found to be greatly re¬ 
tarded (figure 4). 



Fio. 4. Retardation of the Rate op Osmosis op Pyridine through 
Rubber to Water Caused by the Presence of Foreign 
Particles in the Pyridine 

Curve I, pyridine-water; curve II, foreign particles in pyridine-water 

SUMMARY 

1. The retardation of the rate of osmosis of pyridine through a rubber 
membrane into water, which is caused by dissolving silver nitrate and 
anthracene in the pyridine, was determined at 35®C. 

2. The effect of dissolving sucrose and potassium chloride in the water 
was determined for a pyridine-rubber-water system at 35°C. 

3. The influence of dissolved and dispersed rubber in the pyridine on the 
rate of osmosis was determined. 
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NEW BOOKS 


Volumetric Analysis, By H. P, Starck. 228 pp. Baltimore: William Wood k 

Company, 1934. Price: bound, S3.00. 

This book is written primarily for pharmaceutical and medical students and seems 
to be suitable for the purpose. However, it cannot be recommended as a text for 
students in chemistry, since the theory is entirely inadequate, a great many of 
the procedures are repetitions and not up-to-date, and some of them are highly 
inaccurate. 

I. M. Kolthoff. 

Dipole Moments. A General Discussion held by the Faraday Society. 25 x 16 cm.; 

Ixxxvi 227 pp. London: Gurney and Jackson, 1934. Price: (in stiff cloth 

covers) 21s. 

This volume, reprinted from the Transactions of the Faraday Society, contains 
twenty-four papers and a general discussion on dipole moments and related topics, 
which were communicated at the Faraday Society's Symposium at Oxford in April, 
1934. 

The papers, which include contributions from the leading workers in this field in 
America and Europe, are divided into three groups: Part I. Dielectric Constant; 
Part II. Determination of Dipole Moments; Part III. Interpretation of Dipole 
Moments. 

The first section begins, as is fitting, with a paper by Debye, on ‘^Energy Absorp¬ 
tion in Dielectrics with Polar Molecules.^’ The other two papers in this section deal 
with the temperature variation of the dielectric constant of some crystalline solids. 

The nine papers in the second section are mainly concerned with the dielectric 
behavior of concentrated solutions, dipole association, and cohesion, and with the 
difficulties encountered in the calculation of dipole moments from polarization 
measurements in solution, in particular, the vexed question of the atom polarization, 
and the effect of the non-polar solvent on the apparent dipole moment. These papers 
constitute a valuable summary of the present position in these matters. 

The third section contains papers which cover a very wide field of the application 
of dipole moment measurements to problems of molecular and stereochemical 
structure. 

An appendix of some eighty-six pages contains an excellently arranged catalogue 
of dipole moment data compiled by Dr. N. V. Sidgwick and his collaborators. This 
is the most complete list of dipole moments which has been published, and would in 
itself render the volume invaluable as a book of reference. In this list are given, not 
only the actual dipole moments, the authors, and references, but also the temperature 
or temperature range of measurement, the solvent or medium in which the measure¬ 
ment was carried out, the method used for the elimination of the allowance 
which has been made for Pa, and the observed value of « P 2 where this is given by 
the author. 

The book is indispensable to workers in the field of dipole moments and contains 
much of interest to the general reader. 

F. Fairbrotheb. 
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LeUfdhigkeitstitrationen und LeitfdhigkeitBtnesaungen, Visuelle und akustische 

Methoden. By G. Jander and 0. Pfttndt. 25 x 16 cm.; viii + 88 pp. Stuttgart: 

F. Enke Verlag, 1934. Price; unbound, 7.40 RM; bound, 8.80 RM. 

This book constitutes the second edition of Prof. Jander’s excellent monograph on 
visual conductometric titrations. Since its appearance, he and his pupils have made 
several improvements in the technique of these methods, and these are described in 
the present volume. As its name implies, the new edition has been extended so as to 
cover the whole field of conductometric analysis, including its technical applications. 
Coming, as it does, from the pens of well-known authorities in the field of physico¬ 
chemical analysis, the volume will be heartily welcomed by physical chemists, 
analysts, and especially those engaged in many chemical industries. 

The introduction of satisfactory and accurate visual methods has undoubtedly 
rendered conductometric methods available in noisy works laboratories, in which the 
ordinary telephone method cannot be used, and it is there that Jander^s technique 
will find ever-increasing adoption. 

The second half of the book deals with analytical processes. Although, from the 
purely practical standpoint, the descriptions are adequate, it is felt that too little 
attention is given to the principles underlying the procedures, and this is especially 
the case in the section on acidimetry and alkalimetry, in which no attempt is made to 
correlate the shape of the titration graphs with the dissociation constants of acids 
and bases and the concentrations of the solutions being titrated and their titrants. 
On titrations themselves, the book can hardly be regarded as exhaustive. 

H. T. S. Britton. 

The Electronic Structure and Properties of Matter. By C. H. Douglas Clark. 

22 X14 cm.; xxv + 374 pp. London: Chapman and Hall, Ltd., 1934. Price: 21s. 

This book is the first volume of a Comprehensive Treatise on Atomic and Molecu¬ 
lar Structure, of which two further volumes, treating of the fine structure of matter 
and the interpretation of band spectra, respectively, are in preparation. This 
volume consists of two parts, a general introduction and a treatment of physical 
properties and molecular constitution. 

The general introduction gives a survey of modern views on the Periodic Table, 
the electronic configuration of atoms, quantum numbers, the transition elements, 
valency, and the nature of chemical linka^s. The treatment is brief, accurate, and 
reasonably clear, though too condensed to be of much value to the student approach¬ 
ing the subject of electronic structure for the first time. It is a pity that Dr. Clark 
has not given a fuller and clearer treatment to this portion, and so made it a very 
valuable textbook for the university student. 

The second portion collects a great number of facts which have not been assembled 
before in a single volume. This section will certainly be of great value. It contains 
excellent surveys of melting and boiling points, atomic and molecular volumes, 
atomic and ionic radii, electrical conductivity, magnetic and cohesional properties. 
The reviewer, though naturally unable to test the accuracy of the whole of a work of 
this type, has found no errors other than minor misprints. 

Full references are given to the author’s sources, and their clear and detailed pre¬ 
sentation is a valuable feature of the work. The indexes are not so complete. A 
short examination revealed the absence of the names of Wasastjerna and Kerschbaum 
from the author index and of permutites (pp. 150, 151), rectification (p. 190), and 
complex compounds (pp. 225-8) from the subject index. 

Frank Sherwood Taylor. 



THE ELECTROCAPILLARY CURVE AND ITS DISPLACEMENT 
WITH CONCENTRATION AND TEMPERATURE^ 

LESTER A. HANSEN and J. W. WILLIAMS 

Laboratory of Colloid Chemistry^ University of Wisconsin^ Madison, Wisconsin 

Received June 14, 19S4 
INTRODUCTION 

A change in the electrical potential across the interface formed by an 
aqueous solution in contact with mercury is accompanied by a change in 
interfacial tension which can be measured directly. The relationship 
between interfacial tension and applied potential may be represented 
graphically, forming the so-called electrocapillary curve. If we plot some 
function of interfacial tension as ordinate with applied potential as abscissa 
a curve of parabolic shape is usually obtained. 

Before a difference of potential is applied across tlie interface the mercury 
is positively charged and anions are preferentially adsorbed in the solution 
side of the interface. Usually the anions are capillary-active. In this 
event the more capillary-active the anion is, the greater will be the depres¬ 
sion in the rising branch of the curve. As the applied potential difference 
is increased the charge of the mercury surface is lowered, thus increasing 
the interfacial tension and causing the electrocapillary curve to rise. A 
maximum in the curve is reached when the charge on the mercury surface 
has been neutralized. Further increase in applied potential causes the 
mercury to become negatively charged, and the curve descends. If the 
cations are capillary-active, the descending branch of the curve will be 
depressed because of the increased concentration of these ions at the inter¬ 
face. The general mathematical theories of the electrocapillary curve 
have been presented and discussed in a number of places in the literature. 
Reference may be made at this time to articles by Lippmann ( 11 ), Gouy 
(5), Frumkin (3), Koenig ( 8 ), and Craxford, Gatty, and Philpot (1). 

The electrochemical study of the interfacial potential difference between 
mercury and a solution containing electr 0 l 3 d.es, or electrolytes and neutral 

^ Presented before the Eleventh Colloid Symposium, held at Madison, Wisconsin, 
June 14-16, 1934. 

More complete details of this work may be found in the thesis of L. A. Hansen, 
presented to the Faculty of the University of Wisconsin in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy and filed in the Library of the 
University of Wisconsin, June, 1934, 
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molecules, is important because a knowledge of the effects produced gives 
information about the properties and arrangement of the ions and molecules 
present in the interface. In this report it will be our purpose to give the 
results of a study of the effect of changes in temperature and concentration 
of ammonium nitrate in aqueous solution on the position and shape of the 
electrocapillary curve. 

In a later report there will be presented the results of similar electro- 
capillary studies with solutions of sodium sulfate and of certain non- 
electrol 3 rtes. 


PREPAEATION OP MATERIALS 

Mallinckrodt’s “Reagent Quality” sodium sulfate was used. Mallinck- 
rodt’s “c.p.” quality ammonium nitrate was recrystallized from water and 
dried in a desiccator over concentrated sulfuric acid for use. The mercury 
was purified by placing concentrated sulfuric acid over it and passing air 
through the liquids. This process was continued for a period of a week, 
the sulfuric acid being changed several times. After this treatment the 
mercury was thoroughly washed to remove all traces of acid; then it was 
dried and distilled. Mercurous nitrate was prepared by allowing concen¬ 
trated nitric acid to react with an excess of the purified mercury. The 
mercurous nitrate was removed from the solution by filtration through a 
sintered glass filter and was dried over concentrated sulfuric acid in a 
desiccator. 

All of the solutions were prepared by dissolving the proper weights of the 
materials in conductance water. The final distillation of the conductance 
water was carried out in quartz. 

APPARATUS AND EXPERIMENTAL PROCEDURE 

The apparatus employed in this research was constructed of Pyrex glass. 
It is shown diagrammatically in figure 1. The liquid to be studied was 
placed in the cell T, which was connected to the electrometer proper by 
means of the ground glass joint S. The side arm U was joined with K, a 
reflux condenser. Because of the fact that temperatures of from 25® to 
75®C. were to be used, it was necessary to employ this reflux condenser to 
keep the pressure in the cell equal to the atmospheric pressure without 
changing the composition of the solution. 

The column of mercury P ends in the capillary L. The inside radius of 
the capillary was approximately 6 X 10”* centimeter. Because the capil¬ 
lary was so small, the technique ordinarily used in sealing capillary tubing 
to larger tubing could not be employed. Eight-millimeter Pyrex tubing 
was used, because the outside diameter of the capillary tubing was just 
slightly less than the inside diameter of tubing of this size. The capillary 
tube was inserted to a distance of about one-fourth of an inch into the 8- 



ELECTBOCAFILLAST CXTKTE AND ITS DISPLACEMENT 


441 


mm. tubing. The two tubes were then clamped in this position on a ring 
stand. The glass tubing which extended over the capillary tubing was 
heated gently with a hand blast torch until a small portion of it became 
soft. This pliable portion was pressed against the capillary tubing by 
rolling a carbon rod over the surface. This process was continued until 
the capillary tubing was entirely scaled into position. By following this 
method it was possible to seal capillary tubes without collapsing their 
inner walls. The stopcock J and the ground glass joint R made it possible 
to take the apparatus apart whenever it was necessary to replace the 
capillary tip L. Two brass rings were clamped on the tube; one above, and 



one below, the joint R. Metal springs were suspended between the two 
brass rings, thus holding the ground glass joints securely in position. The 
height of the mercury in column P could be changed by applying pressure 
from a nitrogen tank through the tube F. 

The negative electrode, located at B, consisted of a tungsten wire sealed 
into the glass tube. The tungsten wires A and C were sealed into the glass 
vessel coming in contact with the duplicate anodes of mercury, N and M 
respectively. 

The stopcock H allowed the pressure in the reservoir O to be reduced by 
allowing nitrogen gas to escape to the atmosphere through it. When the 
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stopcock I was opened, the pressure was moderated by having another 
reservoir connected to the outlet D. 

The entire electrometer was placed in a well-insulated air thermostat. 
The heating elements consisted of nichrome wire wound in spiral form. 
The air was thoroughly circulated by means of a fan, the blades of which 
were placed inside the air bath, while the motor which drove the fan was 
located outside the thermostat. The temperature was regulated by means 
of relay and deKhotinsky regulator. 

The difference of potential to be applied across the electrodes A and B 
was obtained by means of an ordinary potentiometric circuit. 

The mercury in the capillary tip L was illuminated by means of an auto¬ 
mobile spotli^t and a lens which focused the light on the capillary. The 
source of light was placed at right angles to the telescope of the comparator. 
It was found that by having the distance from the objective of the compara¬ 
tor to the mercury capillary very slightly greater than the focal length of 
the telescope, the mercury in the capillary took on the appearance of a wide 
ribbon with well-defined tip. If the comparator was so arranged that it 
was sharply in focus, it was observed that the mercury in the capillary 
would take on the appearance of a fine thread with a diffuse or ill-defined 
tip. Instead of measuring the change of position of the mercury in the 
capillary, it was more convenient to keep the mercury at a constant level 
by increasing or decreasing the height of the mercury in the column P. 

The position of the mercury in the capillary L was kept constantly at a 
point 0.05 cm. from the lower tip of the capillary. It was found by Koenig 
(9) that if the mercury was kept at a position such that it was more than 
0.1 cm. from the end of the capillary the slight amount of hydrogen which 
was slowly liberated at the capillary cathode could not diffuse out fast 
enough but would form bubbles of hydrogen inside. 

The height of the mercuiy in column P was measured by means of a 
traveling telescope suspended on a f-in. cold rolled steel rod and a steel 
scale graduated to millimeters. The distance from the mercury meniscus 
in the capillary to the bottom of the steel scale was a constant for each 
capillary, so the height actually measured with the traveling telescope is the 
difference between the bottom of the scale and position of the mercury 
meniscus in the tube P. The distance from the mercury meniscus in the 
capillary to the bottom of the steel scale was measured by means of a 
cathetometer. 

The solution in the cell T extended a short distance above the bottom 
of the capillaiy tip L. In order to make the correction for the hydrostatic 
pressure of this col umn of solution from the bottom of the mercuiy menis¬ 
cus to the top of the solution it was necessary to measure this height 
accurately. This measurement was made by means of the comparator. 

To obtain the values of the interfacial tension in absolute imits from the 
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corresponding heights of the mercury column the following procedure was 
adopted. The value of the interfacial tension at the Inaximum of the 
electrocapillary curve for a half-molar aqueous solution of sodium sulfate 
has been determined by Gouy (6). The apparatus was calibrated by means 
of this solution for each capillary used. 


EXPERIMENTAL RESULTS 


Electrocapillary curves were obtained at 25®, 50°, and 75°C. for the 
following solutions of ammonium nitrate; (1) 1.0 M ammonium nitrate 
in a solution 0.002 M with respect to mercurous nitrate and nitric acid. 
(2) 0.2 M ammonium nitrate in a solution 0.002 M with respect to mercu¬ 
rous nitrate and nitric acid. (3) 0.02 M ammonium nitrate in a solution 
0.002 M with respect to mercurous nitrate and nitric acid. 

The electrocapillary data are collected to form table 1. In the first 
column are found the values of <t>, the applied potential difference. The 
second, third, and fourth columns contain values of interfacial tension 
corresponding to the several applied potential differences at 25°, 50°, and 
75°C., respectively, for 1.0 M ammonium nitrate solution; the fifth, sixth, 
and seventh columns are made up of similar data for the 0.2 M solution; 
and the eighth, ninth, and tenth columns contain the results for the 0.02 M 
solution. Representative electrocapillaiy curves which show the effect of 
change in concentration and temperature, plotted from these data, are 
shown in figures 2 and 3. 

In order to determine accurately the position of the maximum of an 
electrocapillary curve, an equation for a portion of the curve extending to a 
short distance on either side of the apparent maximum was obtained by 


the method of the least squares. The first derivative when equated to 

<lq> 

zero, gave the exact position of the curve. This method of obtaining the 
maximum was used in all cases. In table 2 there are given representative 
results obtained at 25°C. The heading for each column is self-explanatory. 
Such results are shown graphically in figure 4. The curves of this figure 
are from values obtained by using the mathematical equations, but the 
points on the curves are experimental values. 

The results of calculations for 4> (max.) and for the coeflScients 


and 


(max.) 

aif 


for the ammonium nitrate solutions are summarized in table 


3. In the third column are given the values of the applied potential which 
correspond to the maxima of the electrocapillary curves. The fourth 
column presents the differential coeflScient of change of a (max.) with 
temperature, and the last column gives the corresponding coefficient for 
change of ^ (max.) with temperature. 
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^ TABLE 1 

Electrocapillary data for ammonium nitrate solutions 



312.57 

319.26 

325.41 

331.43 

337.11 

342.47 

347.48 

352.33 

356.95 

365.75 

373.85 

380.94 

387.71 

393.85 

399.45 
I 404.34 

408.65 

412.48 

414.16 

415.65 

416.82 
418.00 
419 05 
420.07 

420.66 
421.09 

421.21 

421.21 
421,05 

420.62 

419.92 
419 09 

418.15 
417.14 

416.16 

414.40 

412.68 

410.91 

408.92 

406.88 

404.65 

402.27 

399.76 

397.37 

391.93 

385.87 

379.45 
372 52 

365.52 

357.81 


314.78 

321.52 

327.72 

333.21 

338.82 

343.96 

348.99 

353.62 

358.22 
366.52. 

374.43 

381.64 

388.10 

393.91 

399.28 

403.88 

407.74 

411.48 

412.68 

414.40 I 

415.37 

416.35 
417.24 
417 71 

417.98 

418.10 

418.10 
418.02 

417.75 
417 36 

416.39 

415.37 

414.52 

413.23 

411.59 

410.31 

408.40 

406.53 

404.66 

402.91 

401.23 

398.62 
396.13 

393.56 
388 88 

382.65 

376.49 
369 71 

362.78 
355 03 


315.61 

322.20 

328.17 
333.80 

339.11 

344.31 

349.12 

353.89 

358.42 

366.64 

374.17 
381.07 

387.32 

392.94 

397.98 

402.44 

405.93 

409.23 

410.27 

411.40 

412.37 

413.11 

413.53 
414.08 I 

414.39 

414.42 
414 27 
413 80 

413.34 

412.72 

411.90 

410.78 
409 62 

408.53 

407.13 

405.58 

404.22 

402.56 

400.77 

398.91 

396.82 

394.57 

392.32 

389.68 

384.33 

378.63 

372.97 

365.99 

359.20 

351.83 


306.27 

312.73 

319.18 

325.37 

331.47 

337.34 

342.27 

347.13 

351.94 

361.41 

369.90 

377.57 

384.77 

391.19 

397.45 
403.08 
407 82 

412.48 

414.63 

416.24 

417.80 

419.25 

420.54 
421.72 

422.81 

423.59 
424.06 
424 30 

424.49 

424.49 

424.34 
424.02 
423 28 

422.41 

421.17 

419.99 
418.70 

417.18 

415.65 
414.08 

412.32 

410.33 

408.25 

406.26 

401.52 

396.55 

391.58 

385.13 

378.59 

371.86 


306.99 

313.93 

319.93 

325.92 

331.77 

337.22 

342.52 

347.39 

352.22 I 

360.99 i 

369.32 I 

376.96 
383.89 

390.32 ! 

396.17 I 

401.43 

405.94 

410.62 

412.22 
413.85 1 

415.45 

416.81 

417.75 
418 53 

419.35 
420.01 
420 36 

420.52 

420.59 

420.52 

420.36 

419.97 

419.11 
418.06 

416.58 

415.65 

414.13 
412 68 

411.17 

409.30 

407.66 
406.06 

404.31 

401.78 

397.69 

392.70 

387.75 

382.22 

375.95 

369.21 


307.74 

313.98 

320.22 
326.08 

331.86 
337.02 

342.10 

347.18 

351.95 I 

360.67 

368.47 

375.84 

382.70 

388.48 

394.41 
399.30 

403.60 

407.17 
409.03 

410.58 

411.71 

412.68 

413.49 
414 42 

414.93 

415.39 

415.63 

415.78 

415.78 
415.70 

415.55 
415.00 

414.23 I 

413.45 

412.49 

411.44 

410.35 

408.88 

407.64 

405.85 

404.65 i 

402.79 
401.01 I 

399.18 j 

394.76 

389.95 I 
385.03 

379.13 I 

373.20 

367.11 


310.46 
317.03 

322.67 
329.12 

334.72 

339.73 
344.82 

350.41 

355.30 

363.95 
372.29 

379.88 

386.96 

393.38 
399.33 
404.54 

409.31 
413 65 

415.57 
417 65 

419.17 
420.78 
421 99 

422.85 
423.44 
424 30 

424 69 
425.04 

425.39 

425.47 

425 47 
425.36 
425 28 

424.85 
423.91 
423.05 
422.07 
421 17 

419.88 
418.43 
416.94 
415.38 

413.42 

411.58 
408.14 

403.67 

399.17 
393.62 
388.02 

381.68 


311.32 

317.59 

323.98 

329.39 

334.89 
340.07 

345.13 

349.92 

354.56 

363.29 

371.47 

378.83 

385.88 
392.04 

397.72 

402.44 
406 92 

410.85 

412.41 

413.93 

415 33 

416 50 

417 63 

418.45 

419.15 

419.81 

420.36 

420.79 

421.18 

421.37 

421.22 
421 06 

420.79 

420.40 

419.62 

418.84 
418.02 

416.89 

415.61 

414.28 
413.00 

411.67 

410.23 

408.36 

404.89 

400.69 
396.05 

390.99 

385.65 

383.74 


310.64 
316:97 

322.59 

328.41 

333.80 
339.07 

344.19 

349.15 

853.96 

361.91 

369.79 

376.81 

383.36 

389.68 

394.84 

399.53 

403.64 

406.90 

408.49 

409.77 
411.01 

411.98 

412.91 
414.00 

414.58 

415.39 

415.98 

416.40 
416 52 
416.52 

416.44 
416.25 
413.05 

415.70 
415.04 
414.35 

413.58 

412.37 

411.18 

409.93 

408.80 

407.68 

406.47 
404.88 

401.94 

397.44 

392.86 

388.21 

383.48 

377.58 





Fig. 2. Electrooapillary Curves for 1.0 ikf, 0.2 Af, and 0.2 M Ammonium 
Nitrate Solutions at 25‘'C. 
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TABLE 2 

Data for O.t M ammonium mtrote aohUion a( tS^C. 


4 > 

<r 

OBfiBRVBD 

sr 

CALCUI^ATBD 

BBVXATION 

DBVXATIOM 

BQUARBD 

volts 

dynes cm.“i 

dynes cm.“» 



0.825 

422.81 

422.81 

0.00 

0.0000 

0.850 j 

423.59 

423.52 

-0.07 

0.0049 

0.875 

424.06 

424.06 

0.00 

0.0000 

0.900 

424.30 

424.39 

+0.09 


0.925 

424.49 

424.54 

+0.05 


0.950 

424.49 

424.51 

+0.02 

0.0004 

0.975 

424.34 

424.29 

-0.05 

0.0025 

1.000 

424 02 

423.88 

-0.14 

0.0196 

1 025 

423.28 

423.28 

0.00 

0.0000 

1.050 

422.41 

422.48 

+ 0.07 

-0.03 

0.0049 

0.0429 


o (max.) •« 424.49 dynes cm.~> ^ (max.) — 0.933 volt 

or - 293.52 + 280.960 - 150.600* 



Fio. 4. Elbctbocapillabt CxmviDs fob 0.2 M AHUomttM Nitbate SoLmoN 
IN THE Region of the Maxima of the Cebteb at 25”, SO”, and 75'’G. 
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In measurements carried out at 27.5°C., the potential of the 1.0 M 
ammonium nitrate solution in contact with mercury with respect to the 
normal calomel electrode was found to be 0.338 volt, that of the 0.2 M 
solution 0.385 volt, and that of the 0.02 M solution 0.414 volt. 

TABLE 3 


Summary of eleetrocapillary data 


1 

SOLUTION 

TKMPSBATUBB 

1 

^(maz.) 

d<r(max.) 

dT 

d^fmax.) 

dT 


"C. 

volts 

dynes emr^ 
degree'^ 

volts degree'^ 

1.0 M NH 4 NO, 

25 

0.887 



1.0 M NH 4 NO, 

50 

0.862 

- 0.12 

- 0.00100 

1.0 M NH 4 NO, 

75 

0 846 

-0 15 

-0.00064 

0.2 M NH 4 NO, 

25 

0 933 



0.2 M NH 4 NO* 

50 

0.921 

-0.16 

-0 00048 

0.2 M NH 4 NO 4 

75 

0 914 

-0.19 

-0 00028 

0.02 M NH 4 NO 3 

25 

0 961 



0.02 M NH 4 NO 3 

50 

0 961 

-0.16 

-0.0000 

0.02 M NH 4 NOS 

75 

0 953 

-0.19 

-0.00032 


TABLE 4 


Electrical capacity data for O.S M ammonium nitrate solution at constant potential 

valws 


0 

dor 

~r— IN COrLOMBS CM.“» X 10^ 
a0 

At 25«C. 

At 50*C. 

At 76*C. 

0 825 


mmmm 

22.71 

0.850 



16 34 

0 875 



9 97 

0.900 

9.88 

6.27 

3 60 

0.925 

2.35 

-1 20 

-2 77 

0.950 

-5.18 

-8.07 

-9.13 

0 975 

-12.71 

-16.14 

-15.50 

1.000 

-20.24 

-23.61 

-21 87 

1 025 

-27.77 

-31.08 

-28 24 

1.050 

-35.30 

-38.55 

-34 61 


The Lippmann equation for the eleetrocapillary curve ^ where 

€ is the electrical capacity of the surface at constant potential. The value 
of « can be calculated from the slope of the eleetrocapillary curve. If the 
equations for these curves, <r = a -j- — c^*, are differentiated with 

respect to values of « are obtained. Data of this sort are presented in 
table 4. 
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DISCUSSION 

For discussion it is convenient to divide the electrocapillary curves into 
three parts, an ascending branch, a maximum, and a descending branch. 

The ascending branch 

Along the ascending branch the mercury is positively charged and, as a 
result, there is an excess of anions in the water side of the interface. From 
an inspection of figure 3 it would appear that a change in temperature has 



Fig. 6. Elbctbocapillabt Cubves fob 0.2 M Ammonium Nitbath Solution 
IN THE Region of the Obigin of the Cubves at 25°, 60°, and 76°C. 

no effect on the position of the first portions of the ascending branch of the 
curve. However, if these portions of the ascending branches are plotted 
on a larger scale, as shown in figure 5, it is observed that at the higher 
temperatures the interfacial tension values are higher. As the applied 
potential difference is increased the curves cross each other in such a 
manner that, at the higher temperatures, the interfacial tensions eventually 
become lower. This can be explained in the following manner (10). 
There are two factors operative. An increase in thermal agitation serves 
to lower the interfacial tension, and an increase in temperature decreases 
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the adsorption of mercury salt and acts to increase the interfacial tension. 
It is apparent that the effect of the adsorption is the more important one 
near the origin of the curves, but as the curves rise the effect of thermal 
agitation becomes more and more important and eventually causes reversal 
in the position of the curves. 


The maximum 

At the maximum of the electrocapillary curve the charge on the mercury 
should be zero, but Gouy (7) considered that additional ions will be present 
on the surface if they are capillary-active, so that at the maximum of the 
electrocapillary curve there may be still a considerable potential difference 
between the solution and the mercury due to this layer of capillary adsorbed 
ions. According to Freundlich (2), if the anions are capillary-active, the 
mercury must carry a negative charge at the maximum in order to balance 
the tendency of anion adsorption. In the same way, with capillary-active 
cations present the mercury must have a positive charge at the maximum. 

It will be observed from an inspection of table 3 that the values of 
4> (max.) for the ammonium nitrate solutions become smaller as the temper¬ 
ature is increased. This is consistent with expectation and in agreement 
with the results published by Koenig (10) for potassium nitrate solutions. 
Formally, the situation may be discussed with the use of the equation. 


0 = ^rof. — <i>p (1) 

in which 4>mi. is the potential of reference, and <i> p may be described as the 
potential of the double layer at the polarized electrode. For the tempera¬ 
ture variation of the maximum we have, 

9^(max.) _ 

dT ~ dT dT ^ ^ 


Contributions to ^ ^ result from the presence in the interface of ions and 
dipole molecules; in addition, the distribution of electrons and mercury 
ions in the charged surface of the metal itself is a factor. 


At the present time it is impossible to determine <j>p and with any 
degree of accuracy, because the available methods for the estimation of 
and are not entirely satisfactory. But even if and 


could be determined, it would be a matter of extreme difliculty to separate 
the amounts contributed by the three factors,—^ions, dipoles, and metal. 
For solutions of ammonium nitrate there are good reasons to believe the 
contributions of both ions and dipoles to be finite. In the maximum region 
of the curve the double layer at the interface contains some adsorbed 
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anions. It also contains water molecules which are partially oriented in 
such a way that the negative end of the dipole is turned toward the mercury 
side of the interface. Now, since increasing temperature favors a decrease 
in the adsorption of anions and tends to increase the randomness of any 
effective orientation, a shift of the position of ^ (max.) toward smaller 
values with increase in temperature is explained. As would be expected, 
the actual value of the interfacial tension decreases with increasing temper¬ 
ature and the entire curve is flattened out. 

From the observed vertical shift of the maximum with concentration of 
added ammonium nitrate, calculations can be made for the surface densi¬ 
ties at the maximum, F (max.), in equivalents per unit area (cm.®), by using 


TABLE 6 

Surface density data for ammonium nitrate solutions 


T IN “C. 

■pitRBX.) 

NHiNOa 

1.0 M - 0.2 M NH 4 NO 1 

r(max.) 

^NHiNO. 

0.2 M - 0.02 M NHiNOi 

25 

5.3 X 10-11 

1.0 X 10-11 

50 

3.7 X 10-11 

0.7 X 10-11 

75 

1.9 X 10-11 

0.6 X 10-11 


an equation of Gibbs. The chemical potential of the electrolyte, mnh.no.» 
is defined by the expression. 


Mnh 4 NOi = Const. -}- RT In Cnh 4 + • /nh 4 + + Rr In Cno»- • /no»- 
Therefore, 

d/iNmNOj *= 2 RT d In C'nh 4 NOi • /nh 4 N 04 = 2 RT d In aNH 4 N 0 a 

The equation of Gibbs, in the form assigned it by Koenig (8), is 

dv(maX.) -nCnuut) 

--= — 1NH 4 NOJ 

0MNH4N0» 

The numerical results of table 5 for FiIhIn'^, have been obtained from 
graphs in which logarithms of ammonium nitrate activity were plotted as a 
function of the maximum interfacial tensions. The surface densities are 
seen to decrease with an increase in temperature and with a decrease in 
concentration. Also, since 

dff (max.) 

9 MNH 4 NO 1 

is negative, we may conclude that ammonium nitrate is a capillary-active 
electrolyte. 
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The descending branch 

Along the descending branch the mercury side of the interface acquires a 
greater and greater negative charge and the anions are replaced by cations 
at the interface. In figure 3 it is observed that the descending branches 
of the electrocapillary curves are more or less uniformly displaced with a 
change in temperature. Higher temperatures lower the interfacial tension. 

The effect of a change in concentration of ammonium nitrate on the 
position of the descending branch of the curve is shown in figure 2. As the 
concentration of the ammonium nitrate is lowered, the interfacial tension 
for equal values of applied potential increases. It was shown by Frumkin 
(4), and later by Koenig (8), that one can predict the effect of a change in 
concentration of the electrolyte on the shape of the electrocapillary curve. 
According to Gibbs there exists a simple relationship between the adsorbed 
quantity of a substance and the change of surface tension with concentra¬ 
tion, which is expressed by the equation 


r = - 


1 dff 


AT din a 


(3) 


In this expression T is the excess of the solute in gram-moles per square 
centimeter of the dividing surface, o is the effective concentration or 
activity of the solute, and <t is the surface tension. Frumkin has shown 
that the equation for the electrocapillary curve can be written in the form, 


dff = ed^ — Sr,d/ii 


(4) 


where au is the chemical potential of the species present at the interface. 
It can be shown from equations 3 and 4 that 


/ 90 \ ^ M 
\d In a/, ~ F 


RT Fa -f- Tk 


WaFa - nicFic 


(5) 


Here the subscripts A and K refer to the anion and cation, respectively, 
and n represents the valence of the ion. Along the descending branch of 
the curve only the cations are adsorbed at the interface, therefore the terms 
referring to the anions can be neglected, and we obtain the equation 


/_a^\ ^ 

\d In a/. 

When integrated between limits this equation gives 


nxF 
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In a similar manner one obtains the following expression for the ascending 
branch. 


Equation 7 has not been applied with any degree of success because anions 
are usually capillary-active. 

The application of equation 6 to the data for the ammonium nitrate 
solutions now can be illustrated. There are given in table 6 values calcu- 
RT a 

lated for the quantity —= In — at 25°, 50°, and 75°C., together with 

CLi 

observed values of ^ — 4>u The data may be considered to confirm the 
identity required by the equation. 

TABLE 6 


Elecirocapillary data for OM and O.t M ammonium nitrate eolutions 


AT 25«C. 

at60*C. 

AT 76*0. 

e 


9 


9 

0J — 01 

410 

0.041 

410 


405 

0 054 

405 

0.039 


mSm 

400 

0.054 

400 

0.043 


lEil 

395 

0.054 

395 

0.047 

395 


390 

0 051 

390 

0.048 


nil 

385 

0.053 

385 

0.044 

385 

0.053 

380 

0.053 

380 

0.043 



375 

0.057 

Average * 

0.044 

Average 

0.053 

Average « 

0.064 

RT , as 

"T “ 

0.053 

RT o» _ 

F ^ oi 

0.058 

RT , a. 

0.062 


Activity coefficient data of Scatchard and Prentiss (12), obtained by the 
freezing point method, have been used in our calculations. It was neces¬ 
sary to assume these coefficients to be constant over the entire temperature 
range. 


SUMMABY 

1. A modified Lippmann electrometer was designed and built. With 
this apparatus electrocapillary curves were obtained for 1.0 molar, 0.2 
molar, and 0.02 molar aqueous ammonium nitrate solutions at the tempera¬ 
tures 25°, 50°, and 75°C. The position of the maximum in each curve was 
located by means of an analytical procedure. 

2. An explanation based upon the capillary activity of the ammonium 















ELECTROCAPILLARY CURVE AND ITS DISPLACEMENT 


453 


nitrate has been presented for the displacement of these curves toward 
lower values of interfacial tension with increase in temperature and with 
increase in concentration. 

3. A displacement of the maxima of the curves toward lower values of 
applied potential at the higher temperatures has been partially accounted 
for on the basis of a decreased adsorption of anions and an increased 
tendency toward random distribution of solvent dipoles caused by the rise 
in temperature. 
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OBSERVATIONS ON THE EFFECT OF MECHANICAL AGITA¬ 
TION ON ELECTRODE POTENTIAL^ 

F. 0, KOENIG 

Department of Chemistry, Stanford University, California 
Received June 14, 19S4 
1 . INTRODUCTION 

The effect of mechanical agitation on the potential of an electrode 
immersed in an electrolyte solution is of interest because of its bearing on 
electrokinetics. In the experiments hitherto carried out on this effect 
the mechanical agitation has been produced in three different ways: (i) 
by moving the electrode (15, 6); (ii) by moving the electrol 3 de (3); (iii) by 
scraping the surface of contact between the electrode and the electrolyte 
with some suitable foreign body (2). In this note only the first two 
methods are considered. 

The effect is conveniently described in terms of the quantity given by 

Atp = <pm — <Pr ( 1 ) 

where (p, is the electric potential of the electrode with respect to the solution 
when the S 3 rstem is at rest, and the potential when the system is sub¬ 
jected to agitation. The quantity A<p can evidently be measured by means 
of a suitable reference electrode. 

In recent years the quantities A<p have been extensively investigated for 
various metal electrodes in various electrolyte solutions by Stephan 
Procopiu (15,16). This author does not describe his procedure in detail, 
but seems to have used method i exclusively, the electrode being attached 
to the armature of an electromagnetic vibrator. Procopiu’s conclusions 
may be summarized by the equation 

—Alp = f (2) 

where f is the electrokinetic potential of the electrode in the solution in 
question, defined in the usual manner. Equation 2 may be called the 
“electrokinetic theory” of the effect. 

It is possible to account for equation 2 by making a number of assump¬ 
tions as to the mechanism of the effect. Let that part of the double layer 
which, in the usual electrokinetic phenomena of electrosmosis etc., is 

• Presented before the Eleventh Colloid Symposium, held at Madison, Wisconsin, 
June 14-16, 1934. 
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displaced relative to the solid phase be called the mobile part; it extends 
from the “rigidity boundary” (12) out into the interior of the solution and 
contains a certain net electric charge, say coulombs X cm~*. It is 
assumed (i) that the mobile part of the double layer is completely removed 
by the mechanical agitation, thereby removing — v coulombs X cm“*. of 
cWge from the liquid side of the rigidity boundary, (ii) that the electro¬ 
neutrality (10) of what is left of the double layer is restored by the simul¬ 
taneous disappearance of +<7 coulombs X cm"*, from the solid side of the 
rigidity boundary. As a result the potential of the electrode with respect 
to the solution will be changed by an amount 


— <pm — (fir 


which is such that <r and — Av have the same sign (if v = 0, then A^ = 0). 
But from the definition of f it follows that a and f have the same sign 
(if tr = 0, then f = 0). Hence it follows from assumptions i and ii that f 
• < > 

and — A^ have the same sign (if f ^ 0. then Ap = 0). Finally it is assumed 


(iii) that —A<fi and f have also the same magnitude.* It is to be noted that 
the picture contained in assumptions i and ii implies that the effect is 
qualitatively of an entirely different kind from the usual electrokinetic 
effects, in which the mobile part of the double layer is not removed, but 
is displaced parallel to itself without disturbance of its average structure. 

The validity of equation 2 is a question of some importance on account 
of the uncertainty (11) of the f values calculated from the usual electro- 
kinetic measurements and the special difficulty of obtaining such measure¬ 
ments for metals. The uncertainty of the ordinary f values also makes it 
impossible to test equation 2 rigorously. Nevertheless, the best that can 
be done at the present time is to compare A^ and f for the same system, the 
t being obtained in the usual way. To this end Procopiu (16) has com¬ 
pared his Atfi values for the metals platinum, silver, copper, bismuth, lead, 
and iron in water, with the f values obtained by Burton (5) from the 
electrophoretic velocities of colloidal particles of the same metals in water. 
For the metals silver and lead good agreement was found between —A(fi 
and f, the metals platinum and iron agreed in sign but not in magnitude, 
and finally copper showed a discrepancy in both sign and magnitude. 
The deviations from equation 2 found here may be due to the fact that 
the colloidal metal particles, owing to their method of preparation, are in 
many cases covered with a layer of oxide or hydrated oxide (14). The 
comparison is therefore not decisive, and there are to the author’s knowl- 


* This picture of the electrokinetic theory of the effect differs in several features 
from that of Procopiu (16). 
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edge no other data available which could lead to a similar comparison. 
What evidence does exist for equation 2 is therefore even more incomplete 
than that obtainable from a comparison of the usual calculated f values 
with A<p. This evidence may be summarized under three heads: (i) The 
observed A<p values are always of the same order of magnitude as the f 
values calculated from the usual electrokinetic data, (ii) For the metals 
silver, platinum, nickel, lead, iron, and zinc in water the sign of —A<p is 
the same as that of f as found by Burton (5) or by Coehn and Schafmeister 
(7). (iii) The curves obtained by Procopiu (16) for as a function of 
the electrolyte concentration, c, have the same general shape as the familiar 
f — c curves (extrema, isoelectric”points). 

The chief purpose of this note is to suggest that the electrokinetic theory 
is not the only possible explanation of the effect, a reasonable alternative 
being the theory that irreversible chemical reactions at the electrode are 
partly or wholly responsible. The following observations lend support 
to this idea. 


II. EXPEBIMENTS 

The electrodes used in the experiments were of pure soft silver wire 
about 1 mm. in diameter, of the sort used as anode in a silver coulometer. 
The mechanical agitation was produced both by causing the electrode to 
vibrate (method i) and by stirring the solution (method ii). The vibrating 
electrode was made by soldering a copper lead onto one end of a 4-cm. 
piece of the silver wire and then sealing the silver wire with DeKliotinsky 
cement into one end of a Pyrex tube 3 mm. in diameter and 8 cm. long, in 
such a way that about 2 cm. of the silver wire projected beyond the seal. 
The copper lead was passed out through a small hole blown through the 
wall of the glass tube near its other end, which was attached, also by means 
of deKhotinsky cement, to the arm of a vibrator made by sawing off the 
gong and the clapper from a small electric bell. Three such electrodes were 
prepared; they all gave the same results. Before use, the silver electrodes 
were always thoroughly polished first with dry rouge and filter paper and 
finally with dry filter paper alone to remove traces of the rouge. 

The solution into which the electrode dipped was contained in a short¬ 
necked wide-mouthed 200-cc. flask. Dipping into the latter were, besides 
the vibrating electrode, a glass stirrer run by a small a.c. motor of 2000 
B.P.M. and finally a glass siphon leading to another flask of the same solu¬ 
tion, into which the snout of the reference electrode, a calomel electrode 
with 3.6 N potassium chloride, was immersed. With this arrangement the 
effects of vibrating and stirring could be studied side by side on the same 
system. 

The potentials were measured with a Type K potentiometer in conjimc- 
tion with a Leeds and Northrup HS galvanometer. 
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Prelimi na ry experiments showed that only such solutions as enter into a 
fairly definite and reproducible electrochemical equilibriiun with the silver 
give even approximately reproducible tup values. Thiis in an attempt to 
check Procopiu's (16) value, =* 15 millivolts for silver in 0.2 JV sulfuric 
acid, values were obtained lying anywhere between 6 and 30 millivolts 
depending on the length of time the electrode was allowed to remain 
immersed in the solution. Except where otherwise stated, the following 
experiments were carried out with potassium chloride solutions of various 
concentrations, saturated with silver chloride. 

1. Nature of the vibration effect in time 

A few minutes after the silver electrode is plunged into a potassium 
chloride solution saturated with silver chloride, it reaches a state in which 



Fig. 1. OF THE Cell Ag|3.0 M KCl Satueated with AgCll3.6 N KCl 
Satubateo with HgCl|Hg, as a Function of the Time 
A, vibration started; B, vibration stopped. The silver electrode is the negative 
pole, so that Af>>0. 

its potential changes less than 0.0001 volt per minute and may be regarded 
as constant. If then the electrode is caused to vibrate, its potential imme¬ 
diately increases (Aip > 0) to a new practically constant value which is 
maintained as long as the vibration lasts. On stopping the vibration the 
potential graduaUy, during the course of five to eight minutes, returns to 
the value before vibration. Figure 1, showing an experiment with 3.0 N 
potassium chloride, illustrates this behavior. A<p is always taken as the 
difference (with proper sign) between the steady values. 

S. Dependence of Np on the frequency of the vibrator 

From the sound of the vibrator it was evident that its frequency in* 
creased with the voltage used to run it. Figure 2, in which the observed 
Av for 1.0 N potassium chloride is plotted against the voltage applied to 
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the vibrator, is typical of all the experiments with potassium chloride 
solutions and shows that Av> increases somewhat with the frequency, at 
least up to 6 volts. The application of 10 volts to the vibrator caused a 
sudden jump in frequency of two octaves. This increase in frequency in 
no case changed the Av> values appreciably from those obtained at 6 volts. 
This fact makes it probable that the Aip for 6 volts is practically a “satura¬ 
tion value.” It is this “saturation value” which was always taken as the 



Fig. 2 . A<p roB 1 N KCl Satukated with Silver Chloride, as a Function of the 
Voltage Applied to the Vibrator 

TABLE 1 


A <p values as a function of the potassium chloride normality 


C, MOLES OF KCl PER LITER OP SOLUTION 

A ip 


millivaits 

10“5 1 

27 ±2 

10“* 

25 ±2 

10-1 

32 ± 2 

1.0 

17 ± 2 

3.0 

6 2 


Alp of the system. For a potassium chloride solution of a given concen¬ 
tration the A((> so obtained is reproducible to ± 2 millivolts. 

3. The A<p — c curve 

Table 1 gives the A<p values obtained by vibration, as a function of the 
potassium chloride normality, c. Each of the Aip values is the average of 
nine experiments (three electrodes, three sets of solutions). Figure 3 
shows A<p plotted against log c. Each of the five points is represented by a 
vertical line indicating the limits of reproducibility of A^ (± 2 millivolts). 
The curve has the general characteristics of the familiar f — c curves. 

4- The effect of stirring 

If the solution is stirred, as described above, an effect of the same sign 
as that produced by vibration of the electrode results. The A<p increases 
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slightly with the rate of stirring, but the values obtained for the maximum 
rate of 2000 b.p.m. were 2 to 5 millivolts less, in the different solutions, than 
the maximum vibration values given in the above table. 

5. Effect of the removal of air 

The stirring experiment was carried out in an atmosphere of nitrogen as 
follows. Nitrogen from a tank was purified by passing it first through a 
strongly alkaline solution of sodium anthraquinone-/3-sulfonate and 
sodium hyposulfite, then over dry calcium chloride, and finally over copper 
gauze at a dull red heat. An apparatus was set up in which the potassium 
chloride-silver chloride solutions to be investigated could be boiled and 
cooled while the pure nitrogen was bubbled through them, and then forced 
into a stoppered fiask, previously filled with nitrogen and containing a glass 
stirrer introduced through an air-tight mercury seal, a silver electrode, and 



Fia. 3. Cup FOR KCl Solutions Saturated with Silver Chloride, as a Function 
or THE Logarithm of the Potassium Chloride Normality, c 

a siphon to the reference electrode. It was found that stirring gave A(p 
values of the same magnitude as in the presence of air, but that when, 
after conclusion of the experiment in nitrogen, air was bubbled through the 
solutions, the potential <pr of the silver electrode at rest increased by 3 to 5 
millivolts. That is, the A<p effect persists when the air is replaced by 
nitrogen, but the silver electrode at rest is more positive in the presence of 
air than of pure nitrogen. 

6. Effed of sodium bwdfite 

The addition of 1 g. of sodium bisulfite to 100 cc. of potassium chloride 
solution caused the complete disappearance of the effect in solutions of all 
concentrations up to 3 iV. 

7. Silver nitrate solutions 

Finally, the effect of vibration and stirring was investigated with the 
silver electrodes immersed in silver nitrate solutions. It was found that 
B 0 for salver nitrate concentrations between 10~* N and 1 N. 
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III. DISCUSSION 

The above observations can all be qualitatively explained either by the 
electrokinetic theory described above or by the following “chemical the¬ 
ory.” It is assumed that the silver immersed in potassium chloride 
solutions saturated with silver chloride tends towards electrochemical 
equilibrium not only with respect to the Ag+ ions: 

Ag+ (metal) Ag+ (solution) 
but also with respect to the dissolved oxygen: 

40H“ (solution) 2HjO (solution) + O 2 (solution) -(-4© (metal) 

i.e., the silver metal functions also as an oxygen electrode, and is therefore 
the more positive the greater the concentrations of dissolved oxygen in its 
immediate neighborhood. It is furthermore assumed that the following 
irreversible chemical reaction: 

4Ag (metal) + 4H+ (solution) -f- 4C1~ (solution) + O 2 (solution) 

= 4AgCl (solid) -|- 2 H 2 O (solution) 

is always proceeding slowly at the metal surface. This reaction tends to 
decrease the concentration of dissolved oxygen in the immediate neighbor¬ 
hood of the electrode. Vibrating and stirring aid diffusion and therefore 
keep the oxygen concentration closer to its value in the bulk of the solution, 
thus producing a positive A<p. 

That an oxygen electrode effect is present at the silver surface in potas¬ 
sium chloride solutions saturated with silver chloride is rendered fairly 
certain by observation 5 above, that the electrode is more positive in the 
presence of air than of pure nitrogen. That A<p nevertheless persists after 
boiling out the solutions in a current of pure nitrogen may be due to the 
fact that it is impossible to remove dissolved oxygon completely by this 
method. Sodium bisulfite, on the other hand, is known to remove the 
last traces of oxygen from a solution, so that the chemical theory is con¬ 
firmed by observation 6. 

When the silver-ion concentration is appreciable compared with the 
concentration of dissolved oxygen, the effect of the latter on the electrode 
potential is negligible compared with that of the former. The chemical 
theory therefore predicts Ay) = 0 for silver nitrate solutions of moderate 
concentrations, in accordance with observation 7. In this connection it 
is to be noted that Henry (9), using the method of the deflection of thin 
wires in an electric field, found practically zero deflection for the system 
silver-silver nitrate, but whether this means that f is really zero or merely 
that the specific conductivity of the wire is large compared with that of the 
solution (1) is not certain. 
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Regarding the effect of stirring (observation 4), it is to be noted that this 
effect implies a conflict between the electrokinetic theory of and the 
generally accepted ideas as to the kinetics of heterogeneous reactions. 
According to the latter, there is generally at the surface of a solid in contact 
with a solution an unstirrable liquid film (4,8,13). If this is true, then the 
mobile part of the double layer cannot, as demanded by the electrokinetic 
theory, be removed by stirring, and A<p should be aero. From the point of 
view of the chemical theory there is evidently no conflict of this sort. 

Regarding observation 1, it may be noted that practically nothing is 
known regarding the time necessary for the formation of the mobile part 
of the double layer. It is no doubt greater than the time required for the 
formation of an ionic atmosphere (“relaxation time”), which is of the order 

IQ-io 

of seconds. But that it should be a matter of minutes seems improb¬ 
able. The time effect shown in figure 1 would therefore seem to favor the 
chemical rather than the electrokinetic theory. 

It is of course possible that the observed effects result from an over¬ 
lapping of electrokinetic and chemical processes rather than from either 
kind of process alone. Finally, it is worth mentioning that the idea that 
chemical reactions involving dissolved gases are at least partly responsible 
for A<p is strongly supported by the observations of Charmandarjan and 
Peruschwin (6), who studied the electric current which flows from a plati¬ 
num electrode agitated in a solution of sulfuric acid, hydrochloric acid, 
nitric acid, oxalic acid, or phosphoric acid to another platinum electrode at 
rest in the same solutions. It was found that the magnitude and, for 
hydrochloric acid, even the sign of the current is different depending on 
whether or not the solution has been subjected to electrolysis before the 
measurement. 


IV. SUMMABY 

The electrokinetic theory of the effect of mechanical agitation upon 
electrode potential is critically discussed. It is pointed out that this 
theory is not the only possible explanation, an alternative being the theory 
that irreversible chemical processes are partly or wholly responsible for the 
effect. Experiments with silver electrodes in potassium chloride solutions 
saturated with silver chloride and in silver nitrate solutions are described 
which lend support to the chemical theory of the effect. 
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X. INTRODUCTION 

It might be assumed that the electrokinetic potential of halogen salts of 
silver against pure water would be zero. However, Labes (8), Mufcherjee 
and Kundu (12), Kruyt and Van der Willigen (7), Lange and Crane (9), 
and Basinski (3) have shown that the electrokinetic potential, f, of these 
salts (in particular, silver iodide) at the point of equivalence, i.e., at equal 
concentrations of silver and of halogen ions in solution, has a rather con¬ 
siderable negative value. Zero value of the electrokinetic potential was 
attained only by having a rather considerable excess of silver ions in solu¬ 
tion. At higher concentrations of the soluble silver salt the silver halide 
is charged positively, but on subsequent dilution of the solution Avith water 
the potential falls to lower values and finally becomes negative. 

This phenomenon is not confined to silver halides. Lottermoser and 
Riedel (10) consider the negative charge in pure water to be proper to all 
substances and confirmed this with many examples. 

Labes, Muklierjee and Kundu, as well as Lange and Crane, measured 
the potential by the rate of the endosmosis, that is, on the boundary of the 
coarsely dispersed silver halide, while only the last authors measured 
systematically the whole curve of the dependence of f-potential of silver 
iodide on the concentration of the excess ion constituting the lattice of the 
salt (silver ion or iodide ion). In other researches electrophoresis of sols 
was used, but the data obtained were either only approximate or concerned 
with the influence of the dilution with water on the ("-potential of the 
positively charged sol, i.e., the simultaneous change and concentration of 
the electrolyte and the concentration of the dispersed substance. 

My aim has been to measure the curve f-potential-concentration of 
electrolyte, similar to that one obtained by Lange and Crane, but with 
sols of highly dispersed silver iodide. 

II. METHOD OF ("-POTENTIAL DETERMINATION 

(■-potentials were determined by rate of the electrophoresis of sol 
observed through an ultramicroscope. The method was that of P. Tuorila 
(14). Observations were made with the help of the slit ultramicroscope of 
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C. Zeiss. Tbe cell used was pasted together by means of pieein; it con¬ 
tained two platinum electrodes and a tightly fitting glass cover. 

The distance between the electrodes was 35 mm., and the depth of the 
cell 5 nam. On the uppejp side of the cell a slight scratch was made with a 
diamond. The cell was set on the vertically displaceable stage of the 
microscope, and the latter was focused first on the scratch and then on the 
illuminated layer of sol. If the displacement of the microscope tube, D, is 
known as well as the true thickness of the glass plate, d, then the thickness 
of the layer of liquid between the inner surface of the upper glass and the 
plane under observation will be as follows: 

Th n» 

where wi and rh are the refractive indices at the interfaces glass-exterior 
medium and glass-sol. Since the objective was used with water immersion, 
we may put rii — th = nao 

n d 

X sm D - 

WHrf) 

where = the optical thickness of the plate, is established. 
raHK) 

The observed velocity of electrophoresis of the dispersed phase at dif¬ 
ferent distances from the walls of the cell is the algebraic sum of the true 
velocity and of that of endosmose of the solution relative to the walls of 
the cell. 

According to Smoluchovsky (13) the velocity of endosmose m the closed 
cell at the distance x from one of the two parallel sides distant I apart is: 

where Ut is the velocity of endosmose close to a side. The rate of motion 
of the particles observed by the ultramicroscope is equal to velocity of 
electrophoresis, v, at the depth where t/, = 0, i.e., when 

X 1.1 

l~2 2V3 

or xi = 0.211f and Xz =* 0.789i. 

The parabolic curve of Smoluchovsky's function near this “neutral 
layer” is nearly a straight line. Hence, by measuring the velocity of 
motion of particles in the electric field, once at a depth somewhat smaller 
and then at one greater than 0.2111, it is possible to find the true velocity 
of electrophoresis, v, by interpolation. 
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A difference of potentials of about 12 volts was applied to the electrodes, 
about 3.5 volts per centimeter. By means of a stop watch the time of 
passing of the observed particle between two selected divisions of the ocu¬ 
lar-micrometer was measured, first in the field, where the positive pole was 
on the left, second, in the case of short-circuited electrodes (for in a wide 
cell there are always curious, partly convectional currents of liquid, more 
or less constant in velocity), and lastly in the reversed field. Measure¬ 
ments of this kind were repeated at both depths four to seven times. 

The potential was calculated with the usual equation for spherical parti¬ 
cles, due to Debye and HUckel: 

^ 6iri? 

‘’HD’ 

where ri is the viscosity, taken as the viscosity of pure water, H is the 
potential gradient, and D is the dielectric constant, considered equal to 81. 

Sols were prepared in the following way. To 37.5 cc. of the solution of 
one of the electrolytes (potassium iodide or silver nitrate) during exactly 
3 minutes and with constant stirring, 12.5 cc. of the second electrolyte was 
added. The mixture was made in yellow light. The sol was violently 
shaken and left standing for three to four hours in order to attain a state 
of comparative equilibrium. After that the f-potential was measured. 

Two series of experiments were undertaken with three different concen¬ 
trations of silver iodide in each, viz., Af/400, M/4000, and M/20,000. 

These two series were made at different times and differed from each 
other by the following conditions: (1) In the first series common distilled 
water was used, while the water used for the second series was carefully 
distilled three times through a silver condenser. (2) In the first series, 
sols were made in such a way that the first solution (37.5 cc.) contained 
that electrolyte of which there was an excess, while in the second series 
that electrol3die was used one of the ions of which communicated the charge 
to sol, which fact was discovered from the results of the first series. 

Experiments showed that the potential did not change with time. 


M/mO Agl, 10-‘ MKl . 

M/400 Agl, 10-‘ M AgNO,... 
M/20,000 Agl, 10-* M AgNO,. 


After 2 hours = — 50 mv. 

After 48 hours = —56 mv. 

After 3 hours =■ +38 mv. 

After 48 hours = +37 mv. 

After 3 hours = —25 mv. 

After 24 hours =■ —26 mv. 


M/400 Agl, lO-* M K1 


After i of an hour =■ -45 mv. 
After 5J hours — —48 mv. 
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in. FOTENTULS OF SOIiS WITH DIFFBBBNT CONCBNTaA.TIONB OF 8ILVHB 

lOQIDB 

The results of measurements made during the first series of experiments 
are shown in table 1. Several values in one column ccurespond to the 
potentials of sols made up at different times; these data give an indication 
of the reproducibility of the experiments. 

It should be noted that sole with the contents of M/10 potassium iodide 
are already of great electrical conductivity, and consequently the data 
obtained are approximate. 


TABLE 1 


Potenliah of ooU with different concentrations of silver iodide 


CONCSNTBATXOK OF AXCBBA 
aLSCTBOLFTl 

f-FOTBNTlAL 

Concentration of Agl in eol 

M 

400 

M 

4000 

M 

20,000 

AgNOi 

KI 

per liter j 

gramf-mdlee per Hter 

mv. 

mv. 

mv. 

10-* 


+58 

+49, +44 

+32 

10“* 


+55 

+21, +36 

+12, -2 

10“^ 


+38 

+16 

+25 

10-4.J 


— 

+1 

- 

10-» 


0 

-16, -13, -35 

1 

CO 

1 

10“« 


— 

-53 

-43 

10“* i 

10“"* 

— 

- 

-53 


10“« 

— 

-48 

-56 


10“« 

-44 

o 

1 

s 

1 

-50, -50 


10-42 

— 

-62 

— 


10-^ 

-50 

-51 

-50 


10““* 

-44 

-53 

-53 


10-"* 

-55 

-73 

-65, -49 


lO-i* 

- 

approx. —100 

- 


10~1 

approx. —170 

— 

approx. —105 


f-potentials of the second series of experiments are given in table 2. 
Basinski (3) for the more concentrated sol (AT/SO silver iodide) obtained 
the following values of f-potential: 

At 10"“* M AgNOg « +46.9 mv. 

At 10-* M AgNO, « +47.3 mv. 

At 10-* M KI - -70.1 mv. 

i.e., values coinciding practically with those which refer to our J1//400 sol. 
The results are shown graphically in figures 1 and 2. 

The more the sol is diluted, the greater is the difficulty in charging it 
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TABLE 2 

Potentials of sols with different concentrations of silver iodide 




i'-POTXNTIAIi 

CONCXKTBATION OP XXCSBS 
XLBCTROLYTX 

Concentration of Agl in sol 



M 

400 

M 

4000 

M 

20,000 

AgNOa 

KI 
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positively and the less is its f-potential in the region of positive charge. 
Accordingly the isoelectric point (f = 0) is shifted; if in the case of the sol 
of M/400 silver iodide, the concentration of silver ion exceeds at this point 
the concentration of iodide ion by 10®, then in the case of the sol with con¬ 
tent of silver iodide fifty times less, the concentration of silver ion exceeds 
the concentration of iodide ion by 10®. Outwardly this change is mani¬ 
fested by a quite obvious shift of the domain of minimum stability of the 
sols. 

The curves obtained differ to a great extent from the endosmotic curve 
of Lange and Crane (see figure 3, where the average curves of both series 
of tests are shown). 

While it is possible to explain fully this last divergence by the difference 
of the methods of measurement and by the fact that the conditions of ad¬ 
sorption of ions on silver iodide in statu nascendi can differ considerably 
from the adsorption on the precipitate previously made, the divergence 
between the potential curves of sols of dissimilar concentrations requires a 
special explanation. 

IV. INFLUENCE OF DILUTION UPON f-POTENTIAL 

It may be supposed that f-potential depends on the conditions of prepa¬ 
ration of the sol. The more the initial solutions are diluted, the larger 
would be the particles and the less the relative quantity of adsorbed silver 
ions, which according to Kruyt^s view (6) are adsorbed chiefly on the edges 
of the crystals. Endosmotic experiments of Kruyt showed that fused silver 
iodide differed from precipitated since it was not possible to charge it 
positively even with high concentrations of silver nitrate. The possibility 
indicated is not peculiar to heteropolar crystals, but also occurs with non- 
crystalline spherical particles. The dependence of the velocity of trans¬ 
ference (and consequently of f-potential) on the radius was established by 
means of experiment. Illig and Schonfeld (5) have observed this by the 
endosmose of water through diaphragms with pores of different size; 
Mooney (11) with emulsions of oil in water; Alty (1) with bubbles of gas in 
water. In later researches this dependence is expressed mathematically 
(2, 4). 

In connection with such hypotheses it is interesting to compare the re¬ 
sults obtained with phenomena found in the usual dilution of sols. 

Basinski^ showed that there is no marked influence of dilution by ultra¬ 
filtrate on the f-potential of the positively charged sol, but the same dilu¬ 
tion of the negatively charged sol leads to a decrease of the potential. The 
dilution with water of the positively charged silver iodide sol gives a 
sharper curve for f-potential than that in our work. But it is necessary 

^ Reference 3, pp. 332-9. The curve in our figure 4 is drawn from table 44. 
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to take into consideration that the reduction of concentration of excess 
electrolyte and that of the dispersed phase take place simultaneously on 
dilution with water; thus, the positive potentials (concentration of silver 
iodide from M/1260 to M/5000) belong to sols which approach the most 
concentrated of my sols, and negative potentials (concentration of silver 
iodide from M/10,000 to M/100,000) belong to sols which are for the most 
part more diluted than the least concentrated of my sols. Under such 
circmnstances I consider that the data given by this author confirm the 
presence of a concentration dependence of {'-potentials of sols. 

In order to verify these results, I also made experiments on the dilution 
of the sol of M/400 silver iodide by means of isoelectrolytic solutions, 
that is, by solutions containing the same quantity of excess electrolyte as 


TABLE 3 

Potentials obtained after dilution of the MHOO silver iodide sol 


CONCBNTBATION OF KXCBSS SLBCTBOLTTB 

r-POTBNTXAL 

AgNOs 

KI 

A//400aolAgI 

The eame but 
diluted to Af/20,000 
Agl 

Diluted sol with 
Af/250 KNOi 

gram-mdes per liter 

gram-molee per liter 

me. 

mt 

me. 

10^ 


+56 

+30 

+27 

10^* 


+49 

+13 

+16 

10-^ 


+41 

+8 

+10 

10-‘ 


+23 

1 

1 

-27 

10“» 

10-* 

--53 (?) 

-26, -32 

-22 



-55 

-40 

-49 


10-^ 

-51 

-52 

-39 


10-» 

-51 

-56 

-51 


10’* 

-82 

-71 

-70 


lO’i 

approx. —145 

approx. —120 

— 


the initial sol, and also by means of solutions which contained excess electro¬ 
lyte with M/250 potassium nitrate (see table 3). It is difiicult to suppose 
that this electrolyte influences the {'-potential, but as it was being formed 
in dissimilar quantities in sols of different concentrations of silver iodide, 
it was necessary to take this fact into consideration. 

It follows from these data that simple dilution of the sol gives exactly 
the same general results as have already been observed: the diluted sol 
has a smaller positive charge than the concentrated sol, and the isoelectric 
point is shifted from the point of equivalence. The presence of potassium 
nitrate has practically no effect on the value of the f-potential. There¬ 
fore the conditions of preparing a sol do not cause a dependence of {'-po¬ 
tential on the concentration of the dispersed phase. 

It seemed possible to explain the results otherwise. The fact that the 
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fiooculation value depends on the concentration of sol is generally explained 
in the following way: the higher the concentration of dispersed phase, the 
greater will be the proportion of the dissolved electrolyte which partakes 
in adsorption and the less the equilibrium concentration of electrolyte as 
compared with the initial concentration. But in our case this reasoning 
leads to conclusions contrary to experiment. 

V. pH OF SOLS OF SILVER IODIDE 

Let US examine the problem of the structure of the double electric layer 
of silver iodide. The rule by Paneth-Fajans states that those ions are 
adsorbed on the surface of the heteropolar crystal which give, together 
with the oppositely charged ions of the crystal lattice, the least soluble 


TABLE 4 

Results of pH measurements 


EXCESS 

CONCENTRATION 
OF SILVER 

ION 

CONCENTRATION OF DISPERSED Agl 

0 

M/m 

M/20,m 

The made 
up sol 

Centrifuging 

The made 
up sol 

Dilution of 
sol M/m 

1 

0 


6.05 

6.13 

6.38 


0 





5.70 

10-* M \ 

5.17 


5.32 

5.27 


10-»M 

5.83 

5.80 


5.73 

5.83 

0 





5.16 

10“* M 


6.68 

6.25 

6.31 

6.40 

10"»M 

6.31 

6.27 




0 





5.41 


compounds. We suppose that the “composition” of the second layer of 
the double layer is also determined by this rule, i.e., that the latter layer is 
formed for the most part from ions which give together with ions of the 
first layer the least soluble compounds. 

In the case of negatively chaiged silver iodide sol, iodide ions constitute 
the first layer; it is evident that potassium and hydrogen ions can form the 
second dififuse layer. In positively charged sols silver ions constitute the 
first layer and either nitrate or hydroxyl ions constitute the second layer. 
According to what precedes, in the case of the positively charged sol hy¬ 
droxyl ions form chiefly the second layer, as silver hydroxide is but slightly 
soluble. In this case the equilibrium H"*" -f OH“ ^ H 2 O is displaced and 
the intermicellar liquid is slightly acid. The higher the concentration of 
dispersed phase, the more the liquid will be acidified. In compliance with 
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the decrease of concentration of “free” hydroxyl ion, the irelative amount 
of hydroxyl ion in the diffuse layer will be less in the concentrated sol than 
in the diluted one. The layer will be more diffused and the value of the 
f.potential will increase. 

In order to verify such an h3rpothesis, the pH values of sols were meas¬ 
ured by means of a glass electrode. The determinations with positively 
charged sol were rather difficult, since the more positive the sol, the more 
intensely it was precipitated on the negatively charged glass and on the 
film of the electrode as well. In consequence, the potential proved to be 
unstable and badly reproducible (3 to 5 millivolts, and sometimes more). 

Table 4 gives the results of the pH measurements made at different 
times. They give generally a negative answer to our problem. 

However, the negative results do not exclude the possibility of such an 
explanation of tbe phenomenon. Ions constituting the diffuse layer of 
the double electric layer can be active in regard to the glass electrode, and 
then the value of pH will tell us nothing of the structure of the double layer. 

VI. SUMMARY 

1. Electrokinetic potentials of sols of silver iodide with M/400, M/4000 
and M/20,000 silver iodide made in different excesses of ions (silver or io¬ 
dide) were electrophoretically measured. 

2. The cmves f-Cgieotroiyte of silver iodide sols do not coincide with the 
curve in the case of endosmose through the precipitate (Lange and Crane). 

3. The less the concentration of the dispersed phase in sols, the greater 
are the concentrations of silver ion necessary to charge it positively and 
the further the isoelectric point is removed from the point of equivalence 
in the direction of the excess of silver ions. 

4. The dilution of sol M/400 silver iodide by means of solutions contain¬ 
ing the same quantities of excess electrol 3 rte as the initial sol leads also to 
decrease of positive charge of the sol. 

5. The alteration of the concentration of dispersed phase does not cause 
any change of pH of the sols. 

I wish to express my deepest gratitude to Mr. K. S. Ljalikov, to whose 
initiative this work was due and who invariably gave it his closest attention. 
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TEMPERATURE VARIATION OF IONIZATION CONSTANTS IN 
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According to Hamed and Embree (5), the temperature variation of the 
ionization constant can, as a first approximation, be represented by a 
quadratic ecjuation of the type 

log K - log Kn = -p(t - ey (1) 

where K is the ionization constant, Kn is the maximum value of the ioniza¬ 
tion constant, p is a general constant and has a value of 5.0 X 10“® deg.~®, 
t is the Centigrade temperature, and 0 is the temperature at which K is 
equal to K„. For purposes of theoretical significance to be used later in 
connection with van't Hoff’s isochor and the temperature variation of the 
heat of reaction, the temperature may be expressed in degrees Absolute 
without changing the value of p. Equation 1 then becomes 

log K- log Km = -piT -Bxy (2) 

where T is the absolute temperature and $i is the absolute temperature at 
which K is equal to Km- Thus, log K may be expressed by a quadratic 
equation 

log K = (log Km - pel) + 2peiT - pT^ (3) 

in which Km and 6i are constants characteristic of each substance, and the 
constant p is general. 

Likewise, equation 1 becomes 

log K = (log Km - p^) -f 2pet - pf* (4) 

By rearranging terms, equations 3 and 4 become, respectively, 

log K 4- pT* = log Km - pel + 2peiT (5) 

and 


log K + pt^ = log Km — pfi + 2pet 
477 


(6) 
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It is the object of this paper to show that p is not a characteristic con¬ 
stant except under certain assumptions. The theoretical significance of p 
and its rdation to d® log if/dT* will also be pointed out. 

By taking the first derivative of log K with respect to temperature in 
equation 1: 


dlogii: 

dT 


- 2p« - e) 


(7) 


Likewise, from equation 2: 

- 2p(r - e^) (8) 

But from van’t Hoff’s isochor, 

dlogg _ AH , . 

dr “ 2.303J2r» ' ^ 


where AH is the heat of reaction, or in this case, the molal heat of ionization. 
By taking the second derivative of equation 1, 


d» log K 
dT* 


- 2p 


( 10 ) 


Likewise, by differentiating equation 9: 


but 


d® log K d(AH) 2AH 

dr® 2.303iir® dr 2.303ier» 


diAH) 

dr 


= ACp 


( 11 ) 

( 12 ) 


where ACp is the change in specific heat upon ionization. 

d®logA' ACp 2AH 

dr® 2.303Br® 2.303Br» 


Therefore 

(13) 


If the variation of log K with temperature is not originally expressed as a 
quadratic equation, and if AH and ACp are not calculated from this quad¬ 
ratic equation, the validity of the assumption, namely, that p is a general 
constant, may be tested by combining equations 10 and 13: 


- 2p 


and dividing by 2, 


- P 


ACp 2AH 

2.303Br* 2.303Br» 

ACp AH 

4.606Br* 2.303i2r» 


(14) 


(16) 
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Equation 16 may be tested in two ways. Since JHH == 0 somewhere at or 
near the temperatures under consideration, one may determine the value 
of — p at A// = 0. This value will be the value of — p at log K„, because 

^ at Ktny AH = 0. Equation 15 then becomes 


ACp 

4.606i2r2 


- P 


(16) 


Table 1 shows the values of — p at Km found in the literature. It shows 
that — p does not have a constant value of 5.0 X 10""® as was assumed by 
Earned and Embree (5). 

In order to determine if — p remained constant for any particular acid 
through a range of temperatures, equation 15 was applied to the series of 


TABLE 1 

The valtie of —p at Km 


81JBSTANCS 

ACp 

T 

AC. X 10* 

^ 4 6O0«r2 

Formic acid (4) . 

->41 0 

298 

5 06 

Chloroacetic acid (9) . 

-48 9 

269 

7 38 

Acetic acid (2). 

-33 7 

295 

4 23 

Propionic acid (3). 

-37 1 

293 

4 72 

Glycine (Ka) (8) . 

-45 0 

328 

4 57 

Alanine (Ka) (7). 

-23.2 ; 

321 

2 46 

Phosphoric acid (second hydrogen) (6). 

-41 0 

316 

4.50 

Sulfuric acid (second hydrogen) (1). 

-74 5 

269 

11.25 


acids in table 1. The constants used and the results calculated for these 
acids are given in table 2. 

Table 2 shows that p is not a constant, characteristic of any particular 
acid, unless the variation of log K with temperature is originally expressed 
as a quadratic equation. It was observed that p increased with tem¬ 
perature except where log K had been expressed as a quadratic function. 
Figure 1 shows that equation 13 will have a point of inflection at some 
temperature above that of the experiment. This fact cannot be true if 
log K is expressed as a general quadratic equation, as illustrated by lines 
II and III of figure 1. 


At the point of inflection. 


d^ logit 

dr2 


0 and equation 13 becomes 


ACp 2AH 

2.303flr» 2.303/2r® 


which, upon simplification, becomes 


ACp« 


2AH 
T • 


(17) 


(18) 









TABLE 2 

Vanation in AH and AC, with iemptrAture 


TSlUPSBATtTBS 


ACp 

ACpxm 

imarit 

AH X10« 
2.mkT* 

-p X 10* 

ahxio> 

iwaiir* 

Propionic acid 

273 

737 

-34.7 

-5.090 

0.792 

5.88 I 

2.162 

278 

562 

-35.3 

-4.993 

0.672 

6.57 

1.590 

283 

384 

-35.9 

-4.900 

0.370 

5.27 

1.048 

288 

203 

-36.5 

-4.811 

0.186 


0.535 

263 

19 

-37.1 

-4.724 

0.017 

4.74 1 

0.048 

298 

-168 

-37.7 

-4.652 

-0.139 1 

4.51 

-0.415 

303 

-358 

-38 3 

-4.561 


4.28 

-0.853 

308 

-551 

-38.9 

-4.483 

W!^m 

4.07 

-1.270 

313 

-746 

-39 4 

-4.397 

-0.532 

3.87 

-1.665 

318 

-945 

-40.0 

-4.324 

! -0 643 

3.68 

-2 043 

323 

-1147 

-40.6 

-4.254 

-0.744 

3.51 

-2.404 

328 

-1351 

-41.2 

-4.187 

-0.837 

3.35 

-2.746 

333 

-1559 

-41.8 

-4.121 

-0 923 


-3.074 


Chloroacetic acid 


273 

-149 

-46.83 

-6.869 

-0.160 

6 71 

-0 368 

283 

-593 

-42.04 

-5.738 

-0 572 

5.17 

-1 619 

291 

-914 

-38 21 

-4.933 

-0.811 

4.12 

-2.360 

298 

-1170 

-34 86 

-4.301 

-0 967 

3.33 

-2 821 

305 

-1402 

-31.51 

-3 703 

-1 080 

2.62 

-3.295 

313 

-1639 

-27.68 

-3.089 

-1.169 

1.92 

-3 658 


Glycine 


283 

WBM 

-23.4 

-3.194 

mm 

4.70 

4.264 

288 

msm 

-25.8 

-3.400 

mBi 

4.72 

3 793 

293 

1305 

-28.2 

-3.591 


4.73 

3.324 

298 

1159 

-30 6 

-3.776 

0.958 

4.73 

2.860 

303 

1000 

-33.0 

-3 930 

0.786 

4.72 

2.382 

308 

829 

-35.4 

-4.079 

0.623 

4.70 

1.911 

313 

646 

-37.8 

-4.218 

0 461 

4.70 

1 442 

318 

449 

-40.2 

-4.346 

0.305 

4.65 

0.971 


Acetic acid 


273 

714 

-32,15 i 

-4,716 

■il 

5.48 

2.095 

278 

552 

-32,50 1 

-4.597 

WBi 

5.16 

1.562 

283 

389 

-32.85 

-4.484 

mm 

4.86 

1.062 

288 

223 

-33.20 

-4.376 

0.204 

4.58 

0.588 

293 

57 

-33.55 

-4.272 

0.050 

4 32 

0.145 

298 

-112 

-33 91 

-4 184 

-0.093 

4.09 

-0.276 


* ACp was calculated from Owen’s equation^ d(A^)/d^ » 18.6 — 4Bt. It was 
observed that log K was expressed as a quadratic function. Calculation of AH and 
ACp from a quadratic equation in i must necessarily produce a constant value of p by 
this method, because the coefficient of the square term is p. Values from log Kt^ for 
glycine were not computed because log had been expressed as a quadratic func¬ 
tion of temperature. 
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TABLE 2r-Concluded 


TSMPBRATUBB 

AH 

ACp 

ACp X 10» 
i.mRT* 

AH’ X 10* 
2.303Hr« 

-p X 10» 

AH X10» 

2.803Hra 

Acetic acid—Concluded 

303 

-282 


-4.080 


3.86 

-0.672 

308 

-456 


-3.988 


3.65 

-1.049 

313 

-628 

-34 96 

-3.901 

-0.448 

3.45 

-1.402 

318 

-804 

-35.31 

-3 817 

-0.547 

3.27 

-1.738 

323 

-982 

-35.66 

-3.737 

-0.637 

3.10 

-2.058 

328 

-1161 

-36.02 

-3.660 

-0.736 

2.92 

-2.360 

333 

-1342 

-36.37 

-3.586 

-0.795 

2.79 

-2.646 


Formic acid 


273 

931 


BH 

1.000 


2.731 

278 

755 



0 768 

5.85 

2.136 

283 

573 

-37.1 

-5.064 

0 553 

5.62 

1.564 

288 

384 

-38.4 j 

-5.061 j 

0.352 

5.41 

1.012 

293 

189 



0.164 

5,22 

0.481 

298 

-13 


-5.059 


5.05 

-0.032 

303 

-221 

-42 3 



4 86 

-0.526 

308 

-436 

-43.6 

-5 024 


4 70 

-1 005 

313 

-657 

-44.8 

-4 999 


4 53 

-1.466 

318 

-884 

-46.1 

-4 988 


4 39 

-1.911 

323 

-1118 

-47 4 


-0 725 

4 24 

-2.343 

328 

-1358 

-48.7 


-0 841 

4.11 

-2 760 

333 

-1605 

-50.0 

-4 929 


3 98 

-3.165 


Sulfuric acid (second hydrogen) 


273 

-146 

-76 0 

-11.148 

-0.157 

IB 

-0.428 

278 

-533 

-78.9 

-11.161 

-0 542 

■B 

-1.508 

283 

-934 

-81 8 

-11.165 

-0.901 

l^fl 

-2.550 

288 

-1351 

-84 8 

-11 177 

-1.237 

KB 

-3 561 

293 

-1782 

-87.9 

-11.173 

-1 514 

9 68 

-4 435 

298 

-2229 

-90 9t 

-11 216 

-1.842 

9 38 

-5 501 

303 

-2692 

-94.1 

-11.205 

-2 165 


-6.411 

308 

-3172 

-97.3 

-11 213 

-2 374 

8 84 

-7 311 

313 

-3665 

-100 6 

-11 226 

-2 613 

8 60 

-8.179 

318 

-4176 

ESm 

-11 210 

-2.833 

8 38 

-9 029 

323 

-4704 


-11.233 

-3 052 

8.18 

-9.858 

328 

-5249 

-110.7 

-11 249 

-3.255 

8.00 

1 -10.668 

333 

* -5811 

-114.1 

-11 249 

-3 441 

7.81 

-11 458 


dZ-Alanine (KA)t 


293 

913 

-39.8 

-5.068 

0 794 

5 86 

2 325 

298 

720 

-37.6 

-4 627 

0 595 

5 22 

1 777 

303 

538 

-35.1 

-4 180 

0.423 

4 60 

1.281 

308 

369 

-32 3 


0 276 

4 00 

0.851 

313 

215 

-29.0 


0 153 

3.39 

0 480 

318 

79 

-25 4 

-2 746 

0.054 

2 80 



t A mistake in ACp was observed in the original data, 
t ACp was calculated by approximate methods from Aff. 
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A tangent to any point on a curve in figure 1 then represents ^ 

which can be determined by differentiating equation 13; 

d'logA -4AC, , 6Aff , 1 d(ACp) 

dT> “ 2.303flr»2.303BT* 2.303Brs dT ^ ^ 


This equation likewise expresses the rate at which Aff/T is approaching 
AC,. 

Another method of testing whether or not log A is a quadratic function 
of temperature is to plot - " against temperature. Straight lines 


having the same slope should be obtained. The expression d log K/dT 
may be obtained by combining equations 8 and 9: 


AH 

2.303flr* 


-2p(2’ - di) 


dlogA 

dr 


( 20 ) 


The data for 


AH 

2.mRT‘ 


obtained in table 2 have been plotted in figure 2; the 


values do not fall on straight lines, showing that d log K/dT is not a linear 
function of temperature. The slopes of the lines are not the same for all 
acids. 

Glycine is found to plot as a straight line. This fact must be true, 
however, since examination of the original article (8) shows that AH and 
AC, apparently had been calculated under the assumption that log K was a 
quadratic function of temperature. 


CONCLUSION 

1. Log K is not a quadratic function of the temperature. 

2. The theoretical significance of p and its relation to d log K/dT and 
d* log A/dT* have been pointed out. 

3. The significance of the third derivative has been pointed out for the 
first time. 
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The thermodynamic treatment of a cell involving a liquid junction 
between two electrolytes having a common ion would be greatly simplified 
if the boundary between the two solutions could be regarded as a moving 
boundary such as is used in the determination of transference numbers 
(7), for under these conditions the potential of the cell becomes a simple 
function of the activity of the water in the two different solutions. 

Referring to figure 1, consider, for example, the case of a cell involving a 
moving boundary, 0i~02, between solution I, Ci normal with respect to 
lithium chloride, and solution II, C 2 normal with respect to potassium 
chloride. Using electrodes reversible to chloride ions, let 1 faraday of 
negative electricity pass through the cell from right to left, causing the 
boundary to sweep through V liters of solution to the new position Os-Ot. 
Letting Tu and Tk be the transference numbers of the cations in solutions 
I and II, respectively, it is apparent that Tli equivalents of lithium cross 
O 1 -O 2 into V, while Tk equivalents of potassium cross Oz-Oi out of V, If 
it is assumed that the boundary is to be maintained without mixing the two 
solutions or changing their concentrations, the following relations must 
hold: 


Tu = VC, ( 1 ) 

Tk = VC 2 ( 2 ) 

On dividing equation 1 by equation 2 there results the familiar “regulat¬ 
ing” equation, first derived in a more general form by Kohlrausch (3): 


Tk “ C 2 


(3) 


When Cl and C 2 are chosen so as to satisfy the above equations, the net 
transfer of chloride ion can be calculated as follows: 


1 This article is based upon a thesis submitted by F. D. Martin to the Faculty of 
Purdue University in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy, June, 1931. 
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FBOCBSS 

QAZIf OB LOBS IN aqOlVALBKTB BBB FABADAT 

Solution I 

Solution II 

rAAotions . 

Loses one equivalent 
Gains VCz equivalents 
Gains (1 — Tk) equiva¬ 
lents 

Gains 

(For by equatio 

Gains one equivalent 
Loses VC% equivalents 
Loses (1 — Tk) equiva¬ 
lents 

Loses 

n 2, VC, « Tk) 

Movement of the boundary.... 
Transference across Or^i — 

Net effect.*. 



Since the concentrations are adjusted so that no mixing or transfer of 
the cations will occur, there is no net transfer of any of the three ions. 

The transfer of water remains to be considered. It has been shown by 
Macinnes and Dole (6) that transference numbers calculated from experi¬ 



ments with moving boundaries are identical with Hittorf transference 
numbers, hence the transfer of water by the ions themselves need not be 
taken into account. There is, however, a transfer of water from solution 
II to solution I as a result of the movement of the boundary; the water 
originally present in Y liters of II becomes a part of I as the boundary 
moves from 0\-0% to O3-O4. Let M«, be the number of moles of water thus 
transferred, and let oi and 02 be the activities of the water in solutions I 
and II, respectively. The free energy change, AF, of the transfer will be: 

AF-M„Brin^ (4) 

Taking T as 298°K. and noting that represents the number of moles 
transferred per faraday, the potential, E, of the cell represented in figure 1 
becomes 
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jB = 0.05915 M.logio 2* (5) 

Ui 

Equation 5 provides a means for calculating the exact potential of such a 
cell, using data which is readily available. It is valid, however, only in 
case the passage of electricity through the cell brings about the movement 
of the boundary. Dole (1) has derived an equation similar to equation 5 
to account for the deviations of the glass electrode in acid and in non- 
aqueous solutions. 



EXPERIMENTAL 

In an effort to test equation 5, a modification of the moving boundary 
apparatus developed by Brighton (4) was set up. As shown in figure 2, 
in addition to the compartments AA, containing the working electrodes 
for carrying the current used to establish the moving boundary, the com¬ 
partments BB, were added, containing the potential electrodes for measur¬ 
ing the potential of the cell. The tubes CC furnished a means for renew¬ 
ing the electrolyte around the potential electrodes and for Sdjusting the 
surfaces of the two solutions before establishing contact. The boundaries 
were of the descending tjqie and were made visible by an illuminated screen 
with a black horizon as recommended by Macinnes and Smith (8). 

Thermostat. All runs were made in an oil thermostat at a temperature 
of 25.0'’C. 
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PiOerUiometer and dectrical system. A diagram of the electrical connec¬ 
tions is shown in figure 3. The current used to establish the boundary 
could be regulated by the rheostats to any desired value, as read on the 
milliammeter, A. When a reading of the potential of the cell was being 
taken this current was shut off by switch Si, while contact with the poten¬ 
tial electrodes was established by means of switch S*. A Leeds and North¬ 
rop Type K potentiometer was used. 

Electrodes and solviions. Both the working and the potential electrodes 
were of the silver-silver chloride type. The former were made by silver 
plating cylindrical electrodes of platinum foil, then chloridizing the elec¬ 
trode which was to serve as cathode. The electrodes used for measuring 
the potential were made by filling platinum spirals, about 1 cm. long, with 
a paste of pure silver oxide, decomposing the oxide in an electric furnace, 
then chloridizing the resulting spongy silver in a dilute solution of hydro¬ 
chloric acid for one to two hours. The electrodes were then thoroughly 
washed and stored in the solution in which they were to be used. Solu¬ 
tions of the chlorides of sodium, potassimn, and lithium were used, solu- 



Fio. 3. Electrical circuit 

L »• 110 volts; W. E., to working electrodes; P. E., to potential electrodes 

tions of the first two being prepared by direct weighing of the dry, recrys¬ 
tallized salts into calibrated volumetric flasks, while the lithium chloride 
solutions were prepared by weighing out the calculated amount of one of 
three different stock solutions, then diluting as before. 

Procedure. In the first series of experiments, readings of the potential 
were taken about one second after the interruption of the current used to 
establish the boundary. Several different combinations of the three 
chlorides were used, the concentrations in each case conforming to the 
requirements of equation 3, as calculated from data in the International 
Critical Tables. Table 1 gives the results of this series of measurements, 
as compared with the values calculated from equation 5. 

In view of the discrepancy between the observed and the predicted values 
of the potentials, the first series of runs was discontinued and a search 
begun for possible causes of the lack of agreement. The results of this 
investigation may be summarized as follows: 

1. There appeared to be no serious error in the data used for calculating 
the potentials according to equation 5. The ratios of Ot/ai were calculated 
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from the vapor pressure lowerinp of the various solutions as recorded in 
the International Critical Tables. Each value of M„ was calculated by 
three different methods with concordant results. 

2. The experimental error was insuflScient to account for differences 
amounting to several millivolts. 

3. There remained to be considered the behavior of the boundary after 
the working current had been interrupted. In the derivation of equation 5 
it was assumed that the boundary was maintained during the measurement 
of the potential of the cell. The experiments of Macinnes and Cowperth- 
waite (5) showed that the boundary faded slowly when the current was 
shut off and regained its original sharpness shortly after the current was 
turned on again. These observations were repeated and confirmed in 
this laboratory. In order to study further the effect of the interruption of 
the working current upon the potential of the cell, a second series of meas- 

TABLE 1 


Potentials of cells with liquid junction established by a moving boundary 

T « 25°C. 


SOLUTION I 

SOLUTION 11 

POTENTIAL DROP 
IN II 

AVERAGE 
POTENTIAL OP 
CELL 

POTENTIAL 
CALCULATED PROM 
EQUATION 5 



voUs per cm. 

milhvolta 

miUivolti 

0.594 AT LiCl 

1.00 ATKCl 

2.3-2.7 

-17.9 

-8 4 

0 303 N LiCl 

0.60 ATKCl 

2.6 

-17 9 

-8 4 

0.064 N LiCl 

0 10 AT KCl 

2.4-2 8 

-18.1 

-8 33 

0.77 ATNaCl 

1 00 AT KCl 

2.7 

-11 0 

-4.9 

0 40 AT NaCl 

0.50 ATKCl 

2.6-3.0 


-4 15 

0.303 AT LiCl 

0.40 AT NaCl 

2.5-3.0 

-7 1 

-4.27 


The sign on the potential corresponds to the flow of negative electricity through 
the cell from solution II to solution I. 


urements was undertaken. In this series the working current was shut 
oflF after the boundary had been established, then readings of the potential 
were taken at short intervals until no further significant change was noted. 
The influence of other factors, such as the potential drop used to form the 
boundary and the concentration of the indicator solution, was also studied. 

As the result of nearly one hundred runs using various concentrations 
of lithium chloride solutions against 0.10 N solutions of potassium chloride 
and sodium chloride, also different concentrations of sodium chloride solu¬ 
tions against 0.10 N potassium chloride solution, the following conclusions 
were drawn: 

1. The ‘^instantaneous’’ potential of a cell involving a moving boundary, 
taken within a fraction of a second after the interruption of the current 
used to establish the boundary, is not a constant but varies with the po¬ 
tential gradient used to form the boundary. As shown in figure 4, an 
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iiicrease in the potential gradient causes a rise in the obsanred ^^instan*^ 
taneous^' potential of the cell. 



Poievyiiaf Gradient in Lower 5o)t4ion^\^ltvtm 


Fig. 4. Effect of Potential Gbadibnt upon Instantaneous Potential 
I, 0.1 iV sodium chloride, using 0.050 AT lithium chloride as indicator solution; 
II, 0.1 sodium chloride, using 0.064 N lithium chloride as indicator solution; III, 
0.1 N sodium chloride, using 0.0822 N lithium chloride as indicator solution; IV, 
0.1 iV sodium chloride, using 0.1000 N lithium chloride as indicator solution. 

TABLE 2 

Potential of the cell Ag, AgCl, 0.064 N LiCl, junction formed by moving 
boundary^ 0.10 N KCl, AgCl, Ag 
T * 25^C. 


TIMB ZNTBBVAL 
BBTWBBN IMTBR- 
BUPTION OF 
CURBKNT AND 
MBASOBBMBNT OF 
CELL POTENTIAL 

POTENTIAL DBOP IN KCi SOLUTION IN VOLTS PER CENTIMETER (6.7 MM. TUBE) 

4.43 

3.31 

1.66 

0.56 

Potential of the cell 

minvies 

mv. 

mo. 

mo. 

mo. 

0.0 

-17.9 

-17.5 

-17.1 

-16.7 

0.26 

-16.5 

-16.6 

-16.6 

-16.5 

0.50 

-16.6 

-16.5 

-16.6 

-16.4 

1.0 

-16.4 

-16.4 

-16.6 

-16.4 

2.0 

-16.4 

-16.4 

-16.5 

-16.4 

5.0 

-16.4 

-16.3 

-16.4 

-16.4 

10.0 

-16.4 


-16.4 


15.0 


-16.3 




Negative current flowed from right to left through the cell. Similar results were 
obtained for other pairs of solutions. 


2. After the current used to form the boundary has been cut off, the 
potential of the cell diminishes with time, approaching a constant value. 
Although, as stated above, the instantaneous values of the potential of the 
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cell vary with potential gradient used to form the boundary, the final or 
equilibrium value, obtained after the lapse of several minutes, is constant 
and reproducible, depending only on the concentration and the composi¬ 
tion of the solutions used. The data in table 2 furnish a typical illustration 
of this effect. 



Concentration of Indicator Solution 

Fig. 5. EgtiiLiBRiuM Potentials of Cells after Establishing a Liquid Junc¬ 
tion BY Means of a Moving Boundary 
I, 0.10 N potassium chloride, using lithium chloride as an indicator solution; 
II, 0.10 N potassium chloride, using sodium chloride as an indicator solution; III, 
0.10 N sodium chloride, using lithium chloride as an indicator solution. 

TABLE 3 


Comparison of observed and calculated values of the liquid junction potentials 


JUNCTION 

LIQUID JUNCTION POTENTIAL 

Observed by moving 
boundary method 

Calculated from Lewis^and 
Sargent formula 


mv. 

mv. 

0.1 ATKCl, 0.1 JNTLiCl 

8.0 

7 4 

0.1iNrKCl,0.1iV^NaGl 

4.88 

4.9 

0.1 ArNaCl,0.1iVLiCl 

2.5 

2.5 


3. These equilibrium values of the potential vary in a regular manner 
with the concentration of the indicator solution. This is clearly shown in 
figure 5, where these equilibrium potentials are plotted against the concen¬ 
trations of the various indicator solutions. Since there is no abrupt 
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change in the regions in which the concentrations of the indicator solutions 
are close to the “adjusted” values required by equation 3, there is no 
reason for believing that lack of agreement witb equation 5 was due to 
any error in selecting an indicator solution of exactly the right 
concentration. 

It may be of interest to point out that these equilibrium potentials for 
the 0.1 iV solutions agree fairly well with the potentials calculated from 
the Lewis and Sargent formula (9). Table 3 gives a comparison of the 
observed and calculated values. 

4. A possible explanation for the high potentials obtained experiment¬ 
ally, as compared with the values predicted from equation 5, may lie in a 
peculiar lag effect now being investigated in this laboratory. A prelimi¬ 
nary report on this effect by Hunt and Chittum (2) showed that when a 
direct current is passed through an electrolyte and the fall in potential 
over a section of the solution measured by means of a set-up similar to that 
used for measuring the potentials in the present investigation, a distinct 
lag occurs when the current is interrupted, that is, the potential between 
the two electrodes dipping in the same solution does not instantly fall to 
zero when the current is shut off. Further investigation is necessary 
before deciding whether this lag effect will account for the observed devia¬ 
tions from the values predicted by equation 5. 

SUMMABT 

1. An equation has been derived for the potential of a cell involving a 
moving boundary between two electrolytes having a common ion. 

2. Potentials of such cells were measured immediately after the inter¬ 
ruption of the current used to establish the boundary. The experimental 
results were not in agreement with the equation. 

3. Possible reasons for this disagreement were investigated without 
revealing the exact cause of the deviation. It is suggested that a lag effect 
now being studied in this laboratory may be involved. 
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In a preceding paper (19) the size and S5rmmetry of the SH” ion was 
deduced from the crystal structures of the alkali hydrosulfides MeSH, 
where Me is Na, K, Rb, Cs, or NH4. The union of a proton with the S— 
ion may be considered to take place in either of two ways: first, the proton 
may enter the S nucleus with an energy change of the order of 10® volts 
to give a spherical Cl"’ ion; second, it may penetrate only the outer electron 
shells and form an electron pair bond with the sulfur to give a SH" dipole 
ion (internuclear distance, 1.4 A.U.; dipole moment, 0.65 X 10“^^), the 
energy change here being about 10 volts. In all three of these ions the 
outer electrons have configurations similar to that of argon. The ease with 
which the SH~ ion assumes effective spherical symmetry in crystals by 
rotation is evidence that the proton is quite deeply buried in the outer 
electron shells of the group and leads one to expect that SH“ will be more 
like a halogen than like the strongly polar OH”. Because of the increase 
in radius over Cl”, SH" resembles more closely in size the next halogen 
Br~, as the following list of crystal radii shows: I”, 2.19; SH”, 1.99; 
Br”, 1.96; CN”, 1,93; Cl”, 1.81; F”, 1.33. By reason of the similarity in 
the sizes and charges of their anions, ionic crystals of the type MeX where 
X is SH, Br, or CN will have similar Coulomb energies and consequently 
similar lattice energies. It is the purpose of this paper to present some 
thermochemical calculations based on these lattice energies, and further to 
extend the comparison of Br and SH compounds to a brief survey of the 
physical properties of their covalent compounds. 

In calculations of the kind to be presented all errors are additive. 
Wliile a complete elimination of minor inconsistencies in tlie large variety 
of data employed has not been attempted because of the considerable 
labor involved, the majority of derived values appear reliable to 6 kg-cal.; 
this accuracy is sufficient for the purposes in view. Heat evolved in a 
reaction is positively signed and is given in kilogram-calories per mole. 

I. LATTICE ENERGY OP ALKALI COMPOUNDS MeX 

The lattice energy of MeX, defined as the heat of the reaction 

MeXery»tai-^Me+ + X” + (U) 
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may be calculated from the simple Bom tiieory for ionic crystals. The 
calculations of Shennan (17) for MeBr and for MeCN are reproduced and 
his method is applied to MeSH. For sodium hydrosulfide, potassium 
hydrosulfide, and rubidium hydrosulfide the heat absorbed in raising the 
crystal from 26®C. to 200®C., which includes a heat of transition in addition 
to the usual specific heat terms, is neglected. For lithium hydrosulfide a 
hypothetical sodium chloride cubic phase is assumed whose cube edge is 
predicted from known radii; uncertain or estimated numerical quantities 
here as elsewhere are enclosed in parentheses (see table 1). Lattice 
energies for ammonium hydrosulfide and ammonium cyanide will be 
calculated by an indirect method in section lY. 

From these lattice enei^ies we may calculate the proton aflSnities of the 
anions, defined as the heat of the reaction 

H+ + X- -*■ HX, + (X) 

by three independent processes, except in the case of SH~, to which only 
two are applicable. 

TABLE 1 

Lattice energies of alkali compounds MeX 


MoX (o)MeSH (n)MeSH - (£;)MeSH - (t/)MeBr - (DMoCN 


LiX. (5.56) 7 (178) 183.1 

NaX. 6.05 8 168 171.7 171 

KX. 6 63 9 155 157.8 156 

RbX. 6 93 10 150 152 5 150 

CsX. 4.29 11 143 143.5 142.5 

NH,X. 149 147.4 148 


n. CALCULATION OF PROTON AFFINITIES BT PROCESS I 


This makes use of the cycle 


Me + HX ->■ MeX + l/2m 

\ / 


(7 + 5)Me 




Me+ + X- 4- H+ 


/ (7 + I))H 


The heat of reaction (IT) is found by the equation 


(IF) = (O)MeX - (Q)HX 


the symbol (Q) denoting here as elsewhere the heat of formation from the 
elements; numerical values of this quantity are taken from Landolt- 
Bdmstein, tables 320 and 321, except as noted. The constants (7)H « 
812, (B) H as 52 will be used frequently in the following (see table 2). 
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in. CALCULATION OP PROTON APPINITIES BT PROCESS II 

This process makes use of the heat of solution of the gas ion {L)X-. 
While this quantity could be calculated from the known radii by the 
method of Bernal and Fowler (1), a more reliable method combines the 
lattice energy (l7)MeX, the heat of solution (L)MeX, and the heat of 
solution of the cation (L)Me+; for the latter is used the “experimental” 

TABLE 2 


Proton affimUes by process 1 



NaSn 

KSH 

NaCN 

KCN 

NaBr 

KBr 

iU) . 

-168 

-155 

-171 

-156 

-172 

-158 

(W") . 

51 

58 

52 

62 

78 

86 

-(/ + D)H. 

-364 

-364 

-364 

-364 

-364 

-364 

(/ + S)Me . 

144 

121 

144 

121 

+144 

+121 

(K)X- . 

337 

340 

339 

337 

314 

1 

315 


TABLK 3 
Heats of hydration 



NaSH 

KSH 

NaCN 

KCN 

NaBr 

KBr 

U . 

-168 

-155 

-171 

-156 

-172 

-158 

-(L)MeX. 

-4 

-1 

0 

3 

0 

+5 

(L)Me-^. 

114 

94 

114 

94 

114 

94 

(L)X- . 

58 

62 

57 

59 

58 

59 


TABLE 4 

Proton affinities by process II 


i 

HBr 

HSH 

HCN 

. 

x;-x- . 

Hi, + X- . 

276 

58 

>-20< 

276 

60 

6 

-5 

276 

58 

11 

-6 

HXaq HXg. 

+ X- -► HXg + (X). 

314 

337 

339 



value of the same writers as shown in table 3, giving the average values for 
(L)X-: SH- 60; CN", 58; Br-, 58. This calculation neglects hydrolytic 
effects, which may introduce some uncertainty in the case of the cyanides. 
Using these values and the known heats of solution of H+ and of HX, and 
the heat of dissociation of the weak acids, hydrosulfuric and hydrocyanic 
(dissociation constants 10~'' and 10~*, respectively), we find the results 
given in table 4, in satisfactory agreement with the results of process I. 
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Conversely this calculation shows convincingly that the weakness of hydro- 
sulfuric and hydrocyanic acids in aqueous solution is a consequence of tlw 
relatively large proton affinity of the anion. 

In the case of Br~ and CN“ the lattice energy ([/)MeX yields a value 
for the electron aflSnity (E)X, or rather of the sum (E + D)X, where 
{D)X is the heat of dissociation of l/2Xi into atoms. From this value of 
(JE?)X independent values for (K)X~ are then easily found, in agreement 
with the foregoing values (see tables 5 and 6 ), or (^)Br = 86 , (^)CN' = 69. 

The agreement between (K) values calculated by the foregoing three 
methods points to a consistency in the experimental reaction heats em- 


TABLE 6 
Electron affinities 



NaBr 

KBr 

NaCN 

KCN 

(D + E)* . 

59 

58 

32 

29 

(D)t. 

27 

27 

38.5 

38.5 

(m . 

86 

85 

70.6 

67.5 


* Values from Sherman (17). 

t Values of (Z))(CN)j and (D)HCN from Kistiakowsky and Gershinowitz (J. 
Chem. Physics 1,432 (1933)). 


TABLE 6 

Proton affinities by process III 



HSH 

HBr 

HCN 

(D)HX* . 

87 

87 

94.5 

(/)H. 

312 

312 

312 

(m . 


-85 

-69 

{K)X- . 


314 

337.5 


* See second footnote to table 5. 


ployed, and suggests that the only uncertainty lies in the theoretical lattice 
energies. We therefore select the following (K) values: Br~, 314; SH“, 
338; CN“, 338. This readily gives (^SH = 61, and permits the conclu¬ 
sion that while the covalent bond strengths H:Br and H:SH are equal, 
the proton afiinities and electron affinities of the negative groups differ by 
24 kg-cal. 

Taken in conjunction with the lattice energies of section I, they also 
permit the calculation of the following heats of formation: lithium hydro¬ 
sulfide (hypothetical), (47); rubidium hydrosulfide, (65); cesium hydro- 
sulfide, (65); and of the lattice energy of NH 4 X as follows. 

‘ Lederle (Z. physik. Chem. 17B, 361 (1932)) gives (E)(CN) ■■ 02 ± 2. 
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IV. LATTICE ENEBOY OP NH4X 

The proton affinity of NHj 

NH, + H+ -4 NH4+ + (P) 
enters into the following cycle: 

W' 

NH8*„ + HX, 

-(P)\ 

NH4+ + X- 


TABLE 7 

Lattice energies of ammonium salts 



NHiBr 

NHsSH 

NHsCN 

(W"). 


22 4 

20 6 

w. 

314 

338 

338 

-(P). 

-211 

-211 

-211 

(I/). 

148 

149 

148 


TABLE 8 

Lattice energies of ammonium salts 



NHsDr 

NH 4 SH 

(L)NH4X. 

-4 

-3 

(L)NH4-^. 

-87 

-87 

WX-. 

-58 

-60 

(t/)NH4X. 

-149 

-150 


NH4XcrystaI 

/u 


From W (Landolt-Bomstein), (X)HX (given in section III), and 
(t7)NH4X (Sherman) are calculated the following values of (P): ammo¬ 
nium chloride, 214; ammonium bromide, 213; ammonium iodide, 206; or 
P»v. = 211. This differs immaterially from Sherman’s value for the same 
constant. From the same cycle are now calculated the lattice energies of 
ammonium hydrosulfide, which has the PH 4 I structure for which the 
Madelung constant has not yet been given, and of ammonium cyanide 
whose crystal structure has not been reported (see table 7). This shows 
that, as in the case of the alkali metals, the three ammonium salts have 
identical lattice energies and therefore that ammonium hydrosulfide and 
ammonium cyanide are presumably ionic crystals. 

The same value of (l/)NH 4 SH may be calculated from its reported heat 
of solution (see table 8). 
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V. THE STABILITY OF MeSH HNDBE VARIOUS CONDITIONS 

The ability of lithium hydrosulfide to exist m a stable anhydrous solid 
form is at least questionable. We are in a position to make an estimate of 
its stability with respect to the decomposition 

LijS + H 2 S -> 2LiSH + AH 
and to compare it with the other alkali hydrosulfides. 


TABLE 9 

Heat of formation of lithium hydroeulfide 


(O)LiSH. 

(47) 

-(178) 

136 

(l/)LiSH. 

{L)Li*^. 

(L)SH“. 

60 


(Q)LiSHao. 

(66) calculated 

70 observed 

(Q)LiSHaa. 



TABLE 10 

Dissociation of solid alkali hydrosulfides 



Li 

Na 

K 

Rb 

-(Q)Me»S. 

-(111)* 

-89 

-87 

-87 

-«2)H,S. 

-5 

-5 

-5 

-5 

2(Q)MeSH. 

(94) 

113 

126 

(130) 

(Aff). 

-(22) 

19 

34 

38 

(m)t. 

-(11) 

-(11) 

-(11) 

-(11) 

iAF) . 

-(33) 

(8) 

(23) 

(27) 


* (Q)LiiS is assumed equal to (Q)SrS; see Guntz and Benoit (Ann. chim. SO, 
6 (1923)). 

t The entropy change is a rough estimate and is assumed independent of the alkali 
metal involved. 

In section I it was assumed that if lithium hydrosulfide existed it would 
have a sodium chloride cubic structure; thus the cube edge, lattice energy, 
and heat of formation were readily predicted from known radii of crystal 
ions. These calculated quantities are seen to be consistent when we 
deduce from them a value for the heat of formation of aqueous lithium 
hydroBulfide and compare it with the experimental value given in Landolt* 
Bdmstein (see table 9). 

The heat and free energy changes of the foregoing decomposition of 
MeSH, includii^ hypothetical lithium hydrosulfide, are now calculated 
from heats of formation as given in table 10. 
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The calculated free energy changes indicate that MeSH is increasingly 
stable as the atomic number of the cation increases. This is in agreement 
with the qualitative observations of other writers on the stability of sodium 
hydrosulfide and potassium hydrosulfide. The negative value of the free 
energy change for lithium hydrosulfide shows that this hypothetical phase 
is thermodynamically unstable at ordinary temperatures. Similar deduc¬ 
tions could be made from an application of the Nernst approximation 
formula. 

It seems probable that the anhydrous hydrosulfides of the divalent 
metals—^magnesium, calcium, strontium, barium, etc .—will be similarly 
unstable with respect to this decomposition. An experimental attack on 
this problem, which apparently has not been tried, would be the determina¬ 
tion of equilibrium pressures of hydrogen sulfide over the solid phases 
MeSH~Me 2 S, etc. On the contrary, it is easily shown from known heats of 
formation that the hydroxides of all the alkali and alkaline earth metals 
are thermodynamically stable with respect to the corresponding decom¬ 
position into water and the metal oxide. 

The stability of MeSH in the presence of an alkali metal is also of some 
interest. When the hydrogens of hydrogen sulfide are successively re¬ 
placed by Me in the two steps 

Me + H—SH MeSH + I/ 2 H 2 + (W) 

and 

Me + MeSH MeS + I/ 2 H 2 + (Z) 

each step evolves considerable heat. This is in accord with the observation 
that the alkali hydrosulfides are readily decomposed by alkali metals. In 
contrast to this it is known that the molten hydroxides of sodium and 
potassium are not only stable in contact with the metal but appear to 
take up a quantity of the metal in true solution (8); this agrees with the 
calculated negative heats of reaction, Z, for these hydroxides. 

Numerical values of the foregoing reaction heats, including that of the 
reaction 


2Me + HjS MesS + H 2 + (K) 
are tabulated in table 11, 

VI. IiATTICE ENERGIES OP ALKALI SULFIDES AND DERIVED CONSTANTS 

The lattice energies of the alkali sulfides are now calculated by the 
Bom method (see table 12). Sherman's value for sodium sulfide is 
reproduced; the cube edge of mbidium sulfide is derived from the reported 
density 2.912. 
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Y 

2M6 -j- H^S MgsIS -f* Ha 
2(1 + S)m\l U 2(7 + 7>)H 


91\/rA+ J. fi--L 9TT+ 


The quantities 

S-- + 2H+ -4 HjS + (L) 

S— -» S + 2e + (E’) 

are derived by simple cycles from the lattice energies (U'). They do not 
differ seriously from values which may be calculated from Sherman’s 
lattice energies of the alkaline earth sulfides. 


TABLE 11 

DecomposUion of alkali hydroaulfidea 


! 

Li 

Na 

K 

Rb 

«?)Me,S. 

(111) 

89 

87 

87 

-(Q)H,8. 

-6 

-5 

-5 

-5 

Y . 



82 

82 

W . 

(42) 

■■ 

58 


Z. 

(64) 

33 

24 

(22) 


TABLE 12 


Lattice energies of alkali sulfides 



a 

n 

- V 

L 

Li*S. 

6.70 

7 

676 

(872) 

869 

NajS. 

6.53 

8 

616 

KiS. 

7.35 

9 

465 

866 

Rb,S. 

(7.71) 

9.6 

(446) 

(868) 



868 


From the adopted values (K) — 338, (L) = 868, are found further the 
reaction heats^ 

S“ + H+ SH- + (H): H »L- K ^ S30 
S— + HsS2SH- + (M): Af = L - 27S: = 192 

The thermochemical constants for hydrogen sulfide are summarized in 
diagram 1. 

* Approximate values for H, K, L have been deduced by Hund (Z. Physik SS, 
1 (1925)) from a model for the hydrogen sulfide molecule. 
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Finally the heat of hydrolysis of the S gas ion may be calculated by 
either of two cycles, as given in tables 13 and 14. 


H^SH' 


ST + HjOu, SH- + oh;:;, + (/) 

//=530 


2H"+S' 


(7)H = 312 
('£0SH=-61 
251 


H^S 


20H = 624 
(f)S= 69 
693 


H+SH 




C=87 


ZH*S 


Heat cycles for HjS -molecule 

Diagram 1 
TABLE 13 

Calculation of the heat of hydrolysis of the S — gas ion 



♦ From (OLijS^q ~ (Q)Li*S » 122 - (111) » (11). 
t Lattice energy calculated from reported density. 

TABLE 14 

Calculation of the heat of hydrolysis of the S — gas ion 


K + OH;, 

HOH.q HO 


(K^)OH~* 


276 

(I/)OH- 
HOHaq 14 
, -10 


280 + (L)OH 



* Precisely this same value, (JK')OH"" » 280 4* (L)OH~ follows from the experi¬ 
mental heats of reaction of the alkali metals with water when combined with the 
ionic heats of hydration used above. 
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If instead of the alkali sulfides the alkaline earth sulfides are used as a 
basis of calculation, somewhat larger values of (J) are obtained, similar to 
the case of the quantities {L), {H), etc., already mentioned. 

The second method (table 14) introduces the proton affinity (it) OH~. 

The two methods thus give identical results, namely (J)S = 300, or a 
somewhat greater value from the alkaline earth sulfides. 

vn. THE PROTON APPINITT OP OH" AND OP SeH“ 

The proton affiaoity (it)OH~ may be calculated in terms of (i7)NaOH or 
of (L)OH“ by the methods outlined in preceding paragraphs. Thus 

(it)OH- * 175 - (t7)NaOH; (L)OH- - -104 - (t7)NaOH 
Previously proposed values for these constants are as follows: 

(it)OH- = 370 ± 30 Hund from model (10) 
(l/)NaOH = 186 ± 6, (it)OH- = 360 ± 5 Garrick (5) 

(DOH- = 105, (it)OH- = 385 Bernal (1) from radius OH” 

From x-ray powder data at 300®C. I have some evidence that the high 
temperature modification of sodium hydroxide has the sodium chloride 
structure with a = 5.00; from this may be calculated the radius of OH~ = 
1.50, the lattice energy (l/)NaOH = 201 kg-cal., and (L)OH“ = 97. 
This gives a fourth value, namely (iiL)OH~ = 376. We take the average 
of the four values, none of which appears very reliable, as (iir)OH“ = 373 
=fc 20.* From this and the heat of dissociation, (D)HOH = 115, may be 
calculated the electron affinity of OH as (i^OH = 54 db 20.* 

It is also possible to estimate the proton affinity of SeH~. By process II, 
given 

H2Seg —> H'*'aq -j- SeH—aq "I" 3 (±10) 

and assuming (L)SeH“ = 55 ± 10, we find (iiL)SeH“ = 328 ± 20. Further, 
given (TTONHiSeH = 30 and assuming (l7)NH4SeH = —146 ± 10 we 
find (i:)SeH- = 327 ± 10. 

Thus 328 ± 20 seems a safe estimate for this quantity, and from it and 
the known heat of dissociation, (2))H — SeH = 67, may be found such 
further constants as may be desired. 

The constants proposed above for SH, CN, OH, and SeH are now 
tabulated (table 15) for comparison with accepted values for some other 
univalent anions. These constants are related by the equation 

{K) - (J)H = (D) + (E) 

where (/)H == 312. 

• H. Smyth and D. Miller (Phya. Rev. 43, 116 (1933)) recently found (X)OH~ • 
460 ± 115. 

* £. Lederle (Z. physik. Chem. 17B, 368 (1932)) gives (£)OH >■ 88 ± 1. 
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VIII. COVALENT BOND ENERGIES 

It has already been pointed out that the S:H and Br:H covalent bond 
energies are both equal to 87 kg-cal. Likewise it has been shown (15,16) 
that the S: C and Br: C covalent bond energies are both about equal to 67 
kg-cal. The consequence of these coincidences is that the thermochemistry 
of organic bromides and mercaptans will be largely similar. This state¬ 
ment may be verified for such simple reactions as 

>C=C< -I- HX^ >CH—CX< 

ROH + HX RX -t- H 2 O 

where X is Br or SH, by the use of the compilation of Parks and Huffman 
(14). 


TABLE 15 

Comparison of gas ions and their hydrides 


X 


-(E)X 

(2>)HX 

iL)X- 

CRYSTAL 
RADIUS X”* 

DISTANCE 

H-X 

I. 

307 

76 

71 

47 

2 19 

1 616 

Br. 

314 

85 

87 

58 

1 96 1 

1 420 

SeH. 

(328) 

(51) 

67 

(.■iS) 



SH. 

338 

61 

87 

60 

1 99 

1 43 

CN. i 

338 

68 5 

94 5 

58 

1 93 


Cl. 

326 

88 

102 

65 

1 81 

1 282 

F. 

361 

98 5 

148 

97 

1 33 

0 923 

OH. 

(373) 

(54) 

115 

(93) 


0 96 

H. 

400 

16 

103 



0 75 


According to these figures the difference {K — L)X ~ is equal to 260 for the four 
strong hydrogen halide acids, while for the weak acids HSH, HCN, and HOH it is 20 
kg-cal. greater, or 280. 


According to this analysis the reactions 

MeSH. -h HBr* MeBr, -j- HSH, -1- AH, 

MeSH. -f RBr, MeBr. -|- RSH* -f AH, 

will have 

AH, = AH* = (E)Br - (E)SH = 85 - 61 = 24 kg-cal. 

this statement is also easily verified. The second of these reactions is 
commonly employed in the preparation of the mercaptans, RSH; in view 
of the large heat change it is readily understood why they both run to 
completion. On the contrary the reaction 

HBr -h RSH RBr -t- HSH 

would have only a small heat change and therefore might be expected to 
give an equilibrium of reactants and products. It may also be shown that 
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the reaction 


HBr, + MeCN. HCN, + MeBr, + AH 

will have 


AH = {K)CN- - (K)Br- = 338 - 314 « 24 kg-cal. 

IX. SOME PHYSICAL FBOPEBTIES OP COVALENT BBOMIDES AND 
HYDBOSULPIDES 

Familiar examples of comparable covalent compounds containing Br, 
SH, and CN radicals are the hydrides (HX), the dimers (XX),* and the 
carbon compounds (RX); of these the hydrides have been the most inten¬ 
sively studied. While it would be unwise to generalize from these to other 
covalent compounds, nevertheless the similarities in these three types are 
at least very suggestive. The molecules H: X and R: X, where X is Br or 
SH, are moderately polar, while the HCN and RCN molecules are strongly 
polar. The X—^X molecules are S 3 rmmetrical and non-polar. The 
hydrogen sulfide molecule is angular; hydrogen cyanide is linear. 

In these compounds the space requirements of Br, SH, and CN are 
generally similar as calculated by the numerous methods available. For 
example, the additive parachors 68.0, 65.3, and 63.9, the additive mole 
volumes at the boiling point, 27.6, 29.4, and 30.5, respectively, have been 
proposed for the Br, SH, and CN groups. The mean free paths of hydro¬ 
gen bromide and hydrogen sulfide at a given temperature, as calculated 
from gas viscosity data, differ by only 5 per cent, but that of hydrogen 
cyanide is considerably shorter. Similarly van der Waals’ b, as calculated 
from critical constants, is nearly the same for hydrogen bromide and 
hydrogen sulfide, but is considerably larger for hydrogen cyanide. 

Neither do the additive mole refractions of —^Br and —SH differ greatly, 
however calculated; commonly used values are —Br, 8.87, and —SH, 
8.79. This shows that the electrons are similarly bound in the two 
groups. Bromides and hydrosulfides thus have nearly the same refractive 
indices under the same conditions, as well as mole refractions. The con¬ 
siderably lower mole refraction of —CN, 5.54, is accounted for by sup¬ 
posing that the electron shells are more tightly bound in this group. 
Liquid H 2 S 2 is distinguished from H 2 O 2 in having normal values for its 
parachor and mole refraction; a rather large electric moment has been 
attributed to the hydrogen peroxide molecule. 

The attractive forces between molecules. Indicated by such constants as 
the beat of vaporization, van der Waals’ a, the Sutherland constant C, the 
critical temperature, etc., are similar where known for Corresponding 

* Physical properties of (SH)i are given by Butler and Maass (J. Am. Chem. Soc. 
II, 2197 (1030)). 
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bromides and hydrosulfides; but relative to these they are large for hydro¬ 
gen cyanide and the nitriles and small for cyanogen. The analysis of 
these forces according to London^s theory shows that while the dispersion 
effect predominates in hydrogen bromide (13) and hydrogen sulfide (2), 
the orientation effect is greatest in the hydrogen cyanide (2) molecule. 

Finally the valence forces within the molecule have been shown to be 
similar for the H:Br and H:S and also for the C:Br and C:S linkages by 
calculation from their characteristic Raman frequency shifts (12). 

It is of interest that cubic hydrogen sulfide and hydrogen bromide crys¬ 
tals form an uninterrupted series of solid solutions. The structure is a 
close packing of rotating molecules and is indistinguishable from that of 
the rare gases. On further cooling both crystals undergo transitions in 
which the dipole molecules become rigidly oriented, as shown by the sudden 
drop in the dielectric constant (9, 11, 18) and specific heat (3, 6) curves. 
Thus the parallelism in the physical properties of these two substances 
extends from the critical state down to the lowest temperatures at which 
they have been investigated. The properties of crystalline hydrogen 
cyanide have not been studied. 

Ellis and Reid (4) have tabulated some physical constants of some liquid 
n-alkyl bromides and mercaptans, although they fail to stress the evident 
similarities. From the nonyl down through the amyl compounds and in 
some cases beyond, the following constants lie remarkably close together 
in the two series: melting point, normal boiling point, expansion coefficient 
mole volume, refraction, mole refraction. Bromides and mercaptans are 
normal unassociated liquids, nitriles are highly associated, as shown by 
fluidity and surface tension measurements. Although bromides and 
mercaptans differ in chemical properties, it is evident that they form a 
more logical pair for comparison of physical properties than mercaptans 
and alcohols as inevitably heretofore. That the SH radical would have 
this character of a halogen was implied by Grimm\s hydride displacement 
rule (7). 

The statements of this section are illustrated by the accompanying 
tabulations of physical constants (see table 16). 

X. SUMMARY 

Corresponding alkali bromides and hydrosulfides have nearly the same 
lattice energies; the proton affinities of Br” and SH~ differ by about 23 
kg-cal. The stability of the alkali hydrosulfides alone and in the presence 
of an alkali metal is treated from a thermochemical standpoint. Some 
reaction heats are deduced from the lattice energies of the alkali mono¬ 
sulfides. A brief survey of the physical properties of corresponding 
covalent bromides and hydrosulfides discloses some notable similarities. 
The foregoing treatment is extended in some cases to include cyanogen 
compounds. 



TABLE 16 

Physical 'properties of covalent bromidesj hydrosulfideSf and cyanides* 
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6 

3.4-3.7 

78.5 

15.78 

1.369 

-104 

98 

7.4 

291 

W 

(1.39) 

159.3 

77.6 

19.19 

1.427 

-147 

35 

6.9 

228 

704 

3.01 

EtBr 

— 

1 86 
167.6 

19.11 

1.424 

-119 

38 

6.4-6.7 
236 

594 

2.61 

g 

(0 3) 

60 4 
12.32 

0.850 

-28 

-20 

5.4-5.8 
127 

330 

57.8 

1 

130.0 

53.0 

17.73 

1.632 

-90 

71 

8.5 

(278) 

& 

0 

132.1 

53.4 

17.44 

1 648 
1.132 
-7 

59 

7.0 

301 

460 

59.1 

HCN 

2 65 
81.5 

38.8 

6 48 

1 268 

0 438 
-14 

26 

6.1-6.6 
184 

901 

48 2 
3220 

27 02 

14 

6 + 7 

142.4 

53 

2220 

3920 

HSH 

0.93 

82 9 

35.2 

9 64 
1.384 
0.642 
-83 
-60 

4.5-5.2 
100 

331 

48 2 
2615 

3.88 

34 08 

18 

16 + 1 
26.9 
5.77 
214.5 

89 

883 

1914 

HBr 

0.79 

85.4 

37.4 
9.15 
1.325 
0.573 

-86 
-68 
3.9-4.2 
90 

375 

47.5 
2558 

3.56 

80 92 

36 

35 

27.3 
5.78 
202 5 

84 

887 

1978 


Dipole moment. 

Parachor (observed). 

Mole volume at boiling point 

(observed). 

Mole refraction. 

Refractive index (liquid). 

Refractive index (gas)t.. 

Melting point. 

Boiling point... 

Heat of vaporization. 

Critical temperature. 

Sutherland constant. 

Entropy Sn $. 

Raman shift. 

Force constant, /... 

Mass. 

Outer electrons. 

Nuclear charge of X. 

Zero point volume. 

Cube edge. 

Relative mean free patht. 

Critical pressure. 

Van der Waals’ 0 . 

b .1 


* From Landolt-Bomstein Tabellen, or recent sources, 
t («D -7 1) 10». 

% Gas viscosity at 20®C. divided by square root of molecular weight. 
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Dr. Linus Pauling first suggested to me that the thermochemistry of the 
hydrosulfides might be worth investigating from the point of view adopted 
in this paper. My best thanks go to Dr. H. M. Smallwood for his generous 
help in criticising the material here presented. 
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The action of ionizing radiations on colloids was first investigated by 
Hardy ( 8 ) in 1903. He found that positively charged globulin sols were 
coagulated by /3-rays from radium, while negatively charged sols were 
rendered more disperse. Henri and Meyer (9) reported that /9-rays dis¬ 
charged the positively charged ferric hydroxide but not negatively charged 
sols. Fernau and Pauli (7) obtained coagulation of ceric hydroxide and 
albumin, by exposure to both jS-rays and x-rays. Using x-rays Weis and 
Thiele (14) found that aggregate formation occurred in globulin sols on 
both sides of the isoelectric point, and hence was independent of the sign 
of the particle charge. Nordenson ( 12 ) studied the influence of ultra¬ 
violet light, x-rays, and /3-rays on gold sols, and found that positively and 
negatively charged sols were coagulated at about the same rate. Crowther 
and Fairbrother (5) found that copper and iron sols which are positively 
charged were coagulated on exposure to large quantities of x-rays, and 
that silver and gold sols, which are negatively charged, were rendered more 
stable. Clark and Pickett (3) worked with positively charged colloidal 
lead and found it stabilized by exposure to x-rays. Lai and Ganguly 
( 10 ) studied the coagulating influence of ultra-violet light and concluded 
that the stability of the sol was decreased, whether the sol was positively 
or negatively charged. In a recent paper, Boutaric and Roy ( 1 ) report 
that the 7 -rays from radioactive materials do not affect colloid stability, 
and that the /3-rays coagulate positively charged sols but do not affect the 
stability of negatively charged sols. They investigated sols of ferric 
hydroxide and gum mastic. Clark ( 2 ) states, “At present the results are 
still so conflicting due to large effects of impurities, sensitiveness to hy¬ 
drogen-ion concentration, and other unknown eccentricities, such as inter¬ 
nal photoelectric action, that no definite conclusions or rules can be 
established.^' (See also references 6 and 13.) 

The present investigation was undertaken to obtain some definite in¬ 
formation regarding the effect of ionizing radiations on colloids. Cathode 
rays were chosen for the experiments, ( 1 ) because of their simple nature 
and their high energy, ( 2 ) because the number of electrons emitted per 
second and the energy of the electrons could be varied independently, 
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and (3) because, as far as could be ascertained, the effect of cathode rays 
on colloids had not previously been investigated. 

The cathode-ray tube was of the simple form originally designed by 
Coolidge. It was operated by a transformer system similar to that de¬ 
scribed by him (4). The voltage applied to the tube was of the order of 
150 kilovolts, and tube currents from 0.15 to 0.25 milliampere were used. 
The reaction cell was composed of two circular sheets of mica, 5 cm. in 
diameter and 0.0025 cm. thick, separated by a ring of glass 1.3 cm. thick. 
Washers were placed on the outer surface of each mica disc, and the com¬ 
bination was tightly clamped in a heavy brass container, by a screw counter 
cell. The liquid bombarded was thus only in contact with glass and mica, 
and the cell could easily be taken apart to be cleaned. The cell was con¬ 
nected to earth, and placed directly in front of the window and as close to 
it as possible. 

In the first set of experiments the colloids were simply bombarded with 
the cathode rays and observed to see if coagulation had occurred. In the 
second set, samples not coagulated by bombardment were tested with 
electrolyte for change in stability. In the third set of experiments, the 
cataphoretic mobility of the sol particles was measured before bombard¬ 
ment, and after various lengths of exposure to the rays. Samples of sols 
not exposed to the rays, but otherwise subjected to the same manipulation 
as the treated samples, were used as controls. These controls gave no 
evidence of decrease in stability. The metallic sols were all made by the 
high frequency under water sparking method, but differed in concentration, 
even from sample to sample of sols of the same metal. 

The results of the first two sets of experiments are shown in table 1. 
Two typical series of results of the third set are shown in table 2. Mo¬ 
bilities were measured one hour after the bombardment was completed. 
The gold sol used had a high conductivity, as it was stabilized with a 
small amount of potassium hydroxide; the copper sol had a low conduc¬ 
tivity, as its dispersion medium was doubly distilled water. On bombard¬ 
ment the conductivity increased for sols of low initial conductivity, but it 
was not measurably affected when the initial conductivity of the sol was 
high. 

No appreciable change in the conductivity of colloids or water took 
place on standing in the cell; moreover, no appreciable change in the con¬ 
ductivity of the water was observed due to exposure to cathode rays. 
This shows that decrease in stability cannot result from absorption of 
electrolytic impurities from the cell. Under bombardment the sol was 
never heated to a temperature higher than 40“C.; this rise in temperature 
does not account for the changes produced, for most of the sols could be 
boiled without coagulating. 

The results thiis indicate that the stability of both positively and 
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negatively charged sols is decreased by exposure to cathode rays. This 
is in agreement with the theoretical considerations outlined below. 

The cathode rays in passing through the sols will, on collision, give up 
their kinetic energy and their charge. The extra charge introduced by 
the cathode rays must eventually escape to earth, and can only affect the 

TABLE 1 


The effect of cathode rays on the stability of sols 


80L 

TtTBa 

CURRENT 

TUBE 

VOLTAGE 

LENGTH 

OF 

EXPOSURE 

RESULTS 


milk- 

amperes 

volta X 10* 

hours 



0 12 

140 

5 

Coagulated 


0 25 1 

140 

1 5 

Coagulated 


0 21 

150 

1 

Coagulated 

Copper. ^ 

0.18 

150 

1.25 

Coagulated 

0 25 

160 

2 5 

Less stable to electrolytes 


0 25 

160 

1 

Coagulated on standing 


0 25 

160 

1.5 

Coagulated on standing 


0 25 

160 

0 5 

Coagulated on standing 


0 12 

153 

3 5 

Not coagulated 


0 12 

148 

4 i 

Not coagulated 


0.25 

150 

2 1 

Electrolyte test not definite 

Gold. 

0 25 

150 

0 75 

Less stable to electrolytes 


160 

2 


0 25 

160 

2 

Less stable to electrolytes 


0 25 

160 

3 

Coagulated on standing 

f 

0 25 

150 

2 

Less stable to electrolytes 

Silver.< 

0 25 

160 

2.5 

Coagulated 

[ 

0 21 

160 

1 5 

Coagulated on standing 

Ferric hydroxide.. \ 

0 25 

127 

150 

1 25 

2 

Not coagulated 

\ 

0 21 

150 

2 

Less stable to electrolytes 

Lead. 

0.25 

160 

1.5 

Coagulated on standing 

Bismuth. 

0.25 

160 

1 

Coagulated on standing 

Coagulated on standing 

Platinum. 

0.25 

160 

2 

Arsenious sulfide.... 

0 25 . 

160 

3 5 

Very turbid, partially coagulated 


sol stability when adsorbed by the sol particles; in this case the stability 
will be increased or decreased according to whether the sol Ls negatively or 
positively charged. The kinetic energy given up by the cathode rays will 
result in the production of ionization. Ionization of the dispersion me¬ 
dium means an increase in the effective electrolyte concentration, which, 
in general, will bring about a decrease in sol stability irrespective of the 
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sign of the charge of tlie sol particles. Unless some permanent chemical 
reaction results, the positive and negative ions will recombine and the 
net tesult will be the production of heat. On collision some of the energy 
will be used in the production of x-rasrs, but the percentage of energy so 
used will be small, for Clark states that even in an x-ray tube at least 98 
per cent of the electron energy goes to the heating of the target. The total 
change in stability will thus depend on the ratio of the effect produced by 
the transfer of charge to the sol particles to that produced by the ioniza¬ 
tion of the medium. For a 0.1 per cent gold sol the ratio of the proba- 


TABLE 2 

The effect of cathode rays on the mobility of sol particles 
Tube voltage, 160 kilovolts; current, 125 milliamperes 


DVBATZON OF CATHODE 
BAY BOMBABDMENT 

CONDUCTIVITY 

MOBILITY 

Gold 8ol, 0.0262 g, per 100 cc. 


ohfM~^ cm.-' 

cm. per second per volt per cm. 

Untreated 


0.00018 

Control 


0.00018 

0 5 hour 


0.00016 

1.0 hour 

1.9 X 10-^ 

0.00013 

1 5 hours 


0.00011 

Untreated 


0.00018 

Control 


0.00018 

0,6 hour 


0 00016 

Copper sol, 0.0128 g. per 100 cc. 

Untreated 

7.9 X 10-^ 

0.00020 

Control 

8.0 X lO”*® 

0.00020 

0.6 hour 

11 X io-« 

0.00016 

1.0 hour 

16 X 10-« 

0.00016 

1,6 hour 

17 X 10“« 

0.00012 (Coagulated after 3 hrs.) 

Untreated 

8,0 X 10~« 

0.00020 

0 6 hour 

12 X 10~« 

0.00016 

1.0 hour 

1.6 hours 

19 X 10“« 

0.00016 (Coagulated after 6 hrs.) 


bility of collision of a cathode ray with a gold particle to the probability 
of collision with a water molecule is about 1:10^ so that it seems quite 
reasonable that, in general, decrease of stability will result on exposure. 

Lind (11) states, “The chemical effects of a- and ^-rays must be attrib¬ 
uted to their kinetic energy and ionizing power, not to their own charges, 
which in comparison with the secondary charges produced are wholly 
insignificant.” 

Experiments were also conducted on the rates of heating of water and 
of colloids under cathode-ray bombardment. One junction of a copper- 
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constantan thermocouple was kept in ice, and the other was placed in the 
liquid above the level of the direct cathode ray stream; the heating pro¬ 
duced was measured by deflections of a sensitive galvanometer. During 
the latter part of this work the reaction cell consisted of two circular 
sheets of mica 5 cm. in diameter and 0.0025 cm. thick cemented to a ring 
of glass 0.63 cm. thick, and supported by a thin circular brass strip held 
in a wooden clamp. This apparatus was designed to have as small a 
water equivalent as possible. The results obtained are shown in table 3. 


TABLE 3 

Rates of heating of water and of colloids under cathode-ray homhardment 
Tube voltage, 155 to 160 kilovolts 


COLLOIDAL SOLUTION 

tub® 

CUBBBNT 

BATE OP HEAT¬ 
ING OP SOL 
BEL ATI VE TO 
BATE OP HEAT¬ 
ING OF WATER 

BEMARKS 

Silver (0.008 g. per 100 cc.). 

miUi* 

amperes 

0.25 

1.26 


Silver (0.008 g. per 100 cc.). 

0.21 

1.09 

Conditions as nearly 

Gold (0.038 g. per 100 cc.). 

0.18 

1 32 

uniform as possible 

Copper (0.009 g. per 100 cc.). 

0.18 

1 32 


Gold (0.038 g. per 100 cc.). 

0.18 

1 06 

Position of cell changed 

Copper (0.010 g. per 100 cc.). 

0.18 

1.14 

relative to window 
) Readings taken on sue - 

Copper (0.010 g. per 100 cc.). 

0.18 

1 12 

/ cessive days 

Gold (0.0322 g. per 100 cc.). 

0 18 

1 31 


Gold (0.0322 g. per 100 cc.). 

0.15 

1 12 

] Conditions as nearly 

Gold (0.0322 g. per 100 cc.). 

0.15 

1 10 

/ uniform as possible 

Gold (0.0256 g. per 100 cc.). 

0.15 

1.17 

1 Conditions as nearly 

Gold (0.0256 g. per 100 cc.). 

0 15 

1.15 

/ uniform as possible 


* Each of the last five results represents the average of two sets of experiments 
performed consecutively. 


In each case investigated the rate of heating of the sol was greater than 
the rate of heating of the water; the rates of heating were approximately 
proportional to the tube current; and the rates of heating of sols on differ¬ 
ent days under similar conditions were in very good agreement. 

The results seem quite definite, but the explanation must be a matter 
for further research. Intensity measurements indicate that both the water 
and the sol completely absorb the energy of the cathode ray beams bom¬ 
barding the liquid, and theoretical calculations show that on passing 
through the cell the intensity of the cathode ray stream is reduced to 10~** 
of its initial value. The accepted heats of flocculation are 10® times too 
small to account for the observed differences, the energy due to the charge 
on the surface of the colloid particles is 10® times too small, and the energy 
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due to the compression of the water around the colloid particle is about 
10^^ times too small; so that it is not at all clear what additional source of 
energy in the colloid state could account for this phenomenon. 

SUMMARY 

1. The stability of both positively and negatively charged sols is decreased 
by exposure to cathode rays. 

2. This result is in agreement with the theoretical considerations outlined. 

3. The rate of heating of a sol under cathode ray bombardment is slightly 
greater than the rate of heating of water under similar conditions. Known 
sources of energy in the colloid state are found inadequate to account for 
this phenomenon. 

In conclusion, the author wishes to express her sincere appreciation to 
Professor E, F. Burton and to Professor H. J. C. Ireton, of the Depart¬ 
ment of Physics at the University of Toronto, for their helpful suggestions 
and advice throughout the investigation. 
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INTRODUCTION 

A characteristic of hydrophilic sols in general, and gelatin in particular, 
is that they show a diffuse light cone and no ^^resolvable^' particles when 
viewed under the ultramicroscope. It has been found easier, therefore, 
to abandon the use of this instrument when making electrophoretic studies 
with these systems (8, 22, 24, 26, 28). Particles of microscopic size have 
been suspended in protein sols and their rate of movement in an electric 
field measured with the aid of a microscope (3, 8,18a). It has been shown 
that the particles are coated with an adsorbed film of protein (5, 16; see, 
however, references 4 and 25), and that their behavior in an electric 
field is due entirely to the protein covering. 

In the present investigation it has been found that the particles in ferric 
oxide-gelatin sol mixtures and manganese dioxide-gelatin sol mixtures are 
‘Visible” in an ultramicroscope, and that their migration velocities under 
varying conditions can be studied. 

EXPERIMENTAL 

The ferric oxide sol was made by high temperature hydrolysis of a ferric 
chloride solution and was dialyzed for a week at 90°C. It was diluted to 
0.5 g. of iron per liter for use in preparation of the samples. The man¬ 
ganese dioxide sol was prepared by adding concentrated ammonium 
hydroxide to boiling potassium permanganate (7) and dialyzing as above. 

Stock solutions of gelatin were made from day to day with Eastman 
de-ashed gelatin. This was dissolved at 50°C. and cooled to room tempera¬ 
ture, after which a trace of toluene was added as a preservative. 

In the study of the effect of salts on the migration velocity of sol-gelatin 
mixtures, stock samples were made by adding 0.1 per cent gelatin to the sol 
in the ratio of 4 cc. to 1 cc. Individual sol-gelatin-electrolyte samples 
were prepared by adding 50 cc. of electrolyte solution to 50 cc. of the 
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above sol-gel mixture. Before any observations were made the samples 
were set aside for about half an hour to permit equilibrium to be established. 

Migration velocities were determined by a method previously described 
(11). Measurements of pH were made with the glass electrode at approxi¬ 
mately the same time as the migration velocities. 



GRAMS GELATIN PER CC. 

Fig. 1. Effect of Gblatik Concentration on Ferric Oxide and Manganese 

Dioxide Particles 

The effect of gelatin on the migration velocity of ferric oxide and manganese 

dioxide sols 

Some of the results with ferric oxide and gelatin are plotted in figure 1, 
where it is shown that a limiting value of the electric mobility is approached 
at about 0.002 g. of gelatin per cm.* Samples were made as follows: 10 cc. 
of sol of the desired pH was diluted to 50 cc. with water of the same pH, 
and to this were added varying amounts of a 0.1 per cent gelatin solution 
made up to 50 cc. with water, all of the same pH. The hydrogen-ion 
activities were adjusted with hydrochloric acid. Results similar to these 
have been obtained by Limburg (15), who investigated the relation between 
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the pH value of gelatin and its eflSciency as an emulsifier for pure paraffin 
oil. Limburg made measurements of the cataphoretic velocity of the oil 
at pH 2.8, 4.7, 5.5 and 9.6, as a function of the concentration of the gelatin. 
When sufficient gelatin was added, a steady minimum for the migration 
velocity was reached for any given pH. At pH 4.7 this value was zero. 

It has been shown frequently that albumin added in the proper propor¬ 
tions to hydrophobic sols sensitizes and even precipitates the latter (6, 10, 
21, 23). Freundlich studied a ferric oxide-crude egg albumin sol and a 
Carey Lea silver-gelatin sol (9), and observed in both cases that in the 
presence of small amounts of protein the mobilities of the hydrophobic sols 
were decreased and the sols coagulated. He further found that increased 
amounts of gelatin stabilized the silver-gelatin mixture. This author 
considered that the particles of the hydrophobic sol were enveloped by 
micells of protein, and that the positive groups of the ampholyte ions were 
adsorbed by the negative silver particles while the negative groups pro¬ 
jected into solution. 

Discharge of the system at pH 4.56 led to coagulation at several of the 
higher concentrations of gelatin. Since at this hydrogen-ion concentration 
the charge on the gelatin is either neutral or slightly positive, and, in the 
latter case, of the same sign as the ferric oxide, it would seem that the 
conditions do not favor an explanation on the basis of mutual coagulation 
as suggested by Thomas (27). A possible explanation of the precipitation 
is that owing to the close proximity of the gelatin to its isoelectric point its 
solubility is near the minimum and when some of the soluble groups are 
removed from solution by adsorption, the gelatin precipitates with the 
discharged ferric oxide. 

The effect of hydrogenrion concentration on the mohility of 'particles in sol- 

gelatin mixtures 

Various minima and maxima properties of gelatin are identified with its 
isoelectric point. Changes in the magnitude of these properties with pH 
are associated with its ampholyte behavior, e.g., alteration of the degree of 
ionization of the acid and basic groups with the acidity of the system. In 
addition to change of ionization produced by varying the acidity there is 
evidence (12, 13, 14) that the hydrogen ion also produces changes in the 
degree of dispersion of the gelatin particles. 

Loeb (18) laid great stress on the importance of hydrogen-ion concen¬ 
tration in protein behavior; the correctness of this viewpoint was amply 
borne out by experiments with gelatin in the present investigation. 

The marked influence of hydrogen-ion activity on the mobility of sol- 
gelatin mixtures is shown in figure 2. The samples were prepared in a 
uniform manner by mixing 10 cc. of sol with 40 cc. of a 0.1 per cent gelatin 
solution and diluting with 50 cc. of water, all of the same pH. The fact 
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that in the presence of gelatin the two oppositely charged hydrophobic sols 
give a single curve strongly indicates that the systems consist of gelatin- 
coated particles and that their behavior is that of the protein. The concen¬ 
tration of gelatin in these experiments was 0.0004 g. per cubic centimeter, 
and is sufficient to cover the particles of the metallic oxide hydrosols with a 
film of protein. These results may be compared with those of Abramson 
(1), who also found that concentrations of the order of 10“^ g. of gelatin 
per cubic centimeter were able to convey to quartz particles the properties 
of the protein. 



Fig. 2. Effect of Htdrogen-ion Activity on Gelatin-coated Febeic Oxide 
AND Manganese Dioxide Particles 
O FeiOs sol; A MnOi sol 

The effect of salts on the migraiion velocity of sol-gelatin mixtures 

When salts of the type KCl, KjS 04 , KHsP 04 , and K 5 Fe(CN) 6 , are added 
to a ferric oxide sol, pH 3.9, it is found that there are marked differences 
in the ability of the salts to decrease the migration velocity of the particles. 
Potassium chloride, which furnishes the weakly adsorbed chloride ion, 
decreases the mobility of ferric oxide particles very slightly. With potas¬ 
sium sulfate the discharging by the bivalent sulfate ion is much more 
pronotmced. Monopotassium phosphate and potassium ferricyanide 
produce a still greater lowering of the mobility and recharge the ferric 
oxide to the negative form at low concentrations of the electrolyte. 

On the other hand, when these same salts are added to a sol-gelatin 
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mixture pH 3.9, it is found (figure 3) that the mobility curves lie close 
together and that the marked differences in discharging power associated 
with mono-, di- and tri-valent ions are absent. It is apparent, however, 
that there exists a slight increase in the ability of the ions to lower the 
mobility of the particles as the valence of the negative ion increases. The 
discharge curves for potassium chloride and monopotassium phosphate are 
practically identical, indicating that the phosphate ionizes as a monovalent 



MILLinOLES ELECTROLYTE PER LITER 

Fia. 3. Comparison of the Effect op Electrolytes on Unprotected Ferric 
Oxide and on GElatin-protected Ferric Oxide 
O KCl • KHjPO* © KjSO, 

ion. This is in contrast to the behavior of the salt with unprotected ferric 
oxide, where it acts as though ionized into trivalent phosphate ions, but is in 
accord with the experiments of Loeb who found that this salt acted as a 
monovalent ion with the proteins. 

Addition of the electrolytes to a sol-gelatin system of pH 3.9 produced a 
decrease in acidity of the system. It was foimd, subsequently, that the 
major part of the effect of these salts in lowering the mobility of the par- 
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tides was due to the pH change. However, the latter is corrected for in 
figures 4 to 11, and it is evident that there remains a real discharging action 
by the ions of the electrolytes themselves. The migration data in each 
figure are for a single electrol 3 d;e. Three different concentrations of the 
salt are plotted at several different pH values. The dotted curve repre¬ 
sents the migration velocity in the absence of electrol 3 die, i.e., the effect 
of hydrogen-ion activity on the mobility. The divergence of the curves 
from the dotted line represents the discharging effects of the electrolytes, 
the order being, for ferric oxide-gelatin, K8Fe(CN)e > K2SO4 > KCl, 
KSCN, KH2PO4. With the possible exception of monopotassium phos¬ 
phate the order is the same expected with any positive sol. 

In this connection the thing that distinguishes a positive ferric oxide- 
gelatin system from colloidal systems without gelatin is that the chloride 
ion produces a lowering of mobility much greater than is to be expected 
from the well-known low adsorbability of monovalent ions, and also that 
the sulfate and ferricyanide ions produce a smaller decrease in velocity than 
is associated with their high adsorbabilities.* 

DISCUSSION 

It is usually adduced from acid and base titration data with the proteins 
and from the close agreement between the mobilities of freely dispersed 
proteins as compared with the mobilities of protein-coated surfaces that 
all of the polar groups are free after adsorption has occurred (2). Thus 
the fact that the mobility curves of gelatin-coated ferric oxide particles 
(initially positive) and manganese dioxide particles (initially negative) 
are the same (figure 2) indicates not only that the mobilities are a function 
of the protein surface but also suggests, since the isoelectric point (pH 
about 4.6) under these conditions is in fair agreement with values fre¬ 
quently observed with freely dispersed gelatin, that adsorbed gelatin has 
ionizing properties similar to dissolved gelatin. However, if gelatin is to 
be regarded as a polsrvalent electrolyte of high molecular weight (which 
properties together with its degree of ionization are related to the hydrogen- 
ion activity of the sjrstem), one would expect it to be highly adsorbable. 
The course of the curve in figure 2 might then be interpreted on the premise 
that gelatin is so strongly adsorbed through its polar groups by hydro- 
phobic particles that the latter acquire a mobility close to the ionic mobility 
of the dissolved protein. The results in figure 1 are not entirely consistent 
with a mechanism of adsorption in which polar groups do not take part. 
The data in this figure show the decrease in mobility of iron oxide with 
increasing amounts of gelatin. The curves are t 3 q>ioal in form to those 

’ There ie no reason to question that gelatin adsorbs ions, but from the present 
data the mechanism of this adsorption does not appear to be one in which the ions 
enter directly into the double layer, i.e., to decrease its thickness. 
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3.6 40 „ 44 

pH 


Fig. 4. Ferric Oxide-Gelatin 
O KCNS, 0.1 millimole per liter 
© KCNS, 1.0 millimole per liter 

• KCNS, 5.0 millimoles per liter 

Fig. 5. Ferric Oxide-Gelatin 
O KH 2 PO 4 , 0.1 millimole per liter 
© KH 2 PO 4 , 1.0 millimole per liter 

# KHiPO^ 5.0 millimoles per liter 

Fig. 6. Ferric Oxide-Gelatin 
O KCl, 0,1 millimole per liter 
© KCl, 1.0 millimole per liter 
• KCl, 5.0 millimoles per liter 

Fig. 7. Ferric Oxide-Gelatin 
O K 1 SO 4 , 0.1 millimole per liter 
© KsS 04 , 1.0 millimole per liter 
• K 2 SO 4 , 5.0 millimoles per liter 






Fig. 8 


Fig. 10 





Fig. 0 


Fig. 11 


Fig. 8. Ferbic Oxide-Gelatin 
O K8Fe(CN)fl, 0.1 millimole per liter 
© K8Fe(CN)e, 1.0 millimole per liter 
# K8Fe(CN)6, 5.0 millimoles per liter 

Fig. 9. Manganese Dioxide-Gelatin 
O K2SO4, 0.1 millimole per liter 
0 K2SOi, 1.0 millimole per liter 
# K8SO4, 5.0 millimoles per liter 

Fig. 10. Manganese Dioxide-Gelatin 
O KCl, 0.1 millimole per liter 
0 KCl, 1.0 millimole per liter 
• KCl, 5.0 millimoles per liter 


Fig. 11. Manganese Dioxide-Gelatin 
O BaCU, 0.1 millimole per liter 
0 Bads, 1.0 millimole per liter 
• BaCls, 5.0 millimoles per liter 
522 
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obtained when electrolytes are added to colloidal ferric oxide and where it is 
assumed from classical theory that the ions of the electrolyte are adsorbed, 
i.e., enter into and decrease the thickness of the double layer. 

Loeb (19) has shown that the solubility of gelatin is increased by the 
addition of salts. He has also shown (17) that collodion particles coated 
with isoelectric gelatin are unstable, but that they are stabilized by small 
amounts of salts without altering their cataphoretic velocity from zero. 
Results comparable to these were obtained with iron oxide and gelatin, 
where it was found that isoelectric mixtures are unstable but that low 
concentrations of salts produce stability. A possible explanation for the 
effect of smaH amounts of electrolytes is that they disperse the gelatin into 
smaller particles, rendering possible the formation of more soluble groups 
per unit weight of protein. 

The stock solutions of electrol 3 d;es used in this study were all of a concen¬ 
tration of ilf/lOO. It was found that when the acidity of an electrolyte was 
adjusted to pH of about 4 and then added to an equal volume of a 0.1 per 
cent gelatin solution of the same pH, the mixed system became more 
alkaline. The pH change occurred rapidly and without hysteresis. Simi¬ 
lar results were obtained with other electrolyt^es, although the increase was 
not always the same for different electrolytes. When the hydrogen-ion 
activities were on the alkaline side of the isoelectric point, the mixed 
systems were more acid than either of the constituents. Thus it would 
seem that the changes in hydrogen-ion activity are not due solely to altera¬ 
tion in ionic strength of the solution (since the pH is shifted in opposite 
directions when the system is on the acid side of the neutral point, pH 7.0). 
The data arc shown in table 1. 

Loeb (20) did not give much emphasis to the effect of electrolytes just 
described, and this fact tends to lend confusion to some of his findings. 
For example, his results on the mobility of proteins with potassium ferro- 
cyanide are of doubtful significance. It is difficult to hold this salt at a 
constant pH for any considerable length of time, and, further, when a 
potassium ferrocyanide solution of a pH such as Loeb used is mixed with 
gelatin of the same pH there occurs a marked change in acidity with a slow 
attainment,® if any, of equilibrium.^ In the present work the use of this 
salt had to be abandoned, although it gave mobility curves similar to Loeb^s 
when only the pH of the original solutions (before mixing) was considered. 
It should be noted that it does not seem possible to make dilutions with 
gelatin solutions, electrolyte solutions, and water all of the same pH and 
obtain a series of samples of the same acidities (unless, possibly, this was 
done at the isoelectric point). 

The order of electrolytes in decreasing the mobility of positive gelatin- 

* With other salts of this study equilibrium was rapidly established. 

»In this case Loeb noticed a change in pH after eighteen hours. 
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<x)ated particles (at a constant hydrogen activity, see figures 4 to 8) is 
K,Fe(CN)6 > KsS 04 > KCl, KSCN, KH,PO«. From table 1 it may be 
observed that this order is identical with the effectiveness of the salts in 
decreasing the acidity of gelatin when it is on the acid side of the isoelectric 
point. In neither instance was there any evidence of lyotropy with the 
monovalent ions. 

The change in acidity produced by salts is consistent with the assumption 
that salts disperse the protein into smaller particles with the resultant 
increase in total number of active groups. The groups which are released 
by dispersion are probably in the isoelectric condition when first formed, 
but quickly adjust themselves to the acidity of the mediuiq. This read¬ 
justment uses up acid or base depending upon the original pH of the S 3 ^tem. 
Thus the shift in pH is toward the isoelectric point. 


TABLE 1 

Changes in pH values when solutions of electrolytes and of gelatin are mixed 


BLKCT&OLTTB 

pH BSFORS laXINO 

pH AFTER MIXING 

Gel. 

3.91 


KCl. 

3 83 

3.97 

K ,804 . 

3.86 

4.05 

KH.PO 4 . 

3.86 

3 97 

KJ’e(CN).. 

3.85 

4 17 

BaClj. 

3.85 

3 99 

Gel. 

3 87 


KSCN. 

3.88 

3.98 

Gel. 

4.95 


KCl. 

4.98 

1 4.88 

BaClg. 

4.95 

4.72 


It has been mentioned that gelatin-coated particles of ferric oxide and 
manganese dioxide have the properties of the protein itself. It is none the 
less true that addition of an excess of gelatin (figure 1) over the minimum 
required to give protein properties to a protected particle results in a still 
further decrease in velocity of the particle. The decrease in mobility is the 
result of a decrease in the electrokinetic potential. If the addition of 
neutral salts to gelatin leads to dispersion and an increase in the concentra¬ 
tion of ampholyte groups, the salt which produces this change to the 
greatest degree should be the most effective in lowering the cataphoretic 
velocity at a given hydrogen-ion concentration. Thus the reason why 
electrolytes of different valence do not lower the mobility in proportion 
to their adsorption isothenns may be explained. The addition of ions of 
different valence does not lead to an entrance of these ions into the double 
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layer but instead results in an increase in the concentration of an ion 
(gelatin) already present. 

In conclusion it may be stated that since molecular weight determina¬ 
tions on gelatin (13) have been made with buffer systems and therefore in 
the presence of salts, any effects of the latter in producing dispersion would 
be included with those of the hydrogen ion. 

SUMMARY 

1 . An ultramicroscopic method has been used to study the migration 
velocity of gelatin-coated ferric oxide and manganese dioxide particles. 

2 . The effcicts of concentration of gelatin and of the hydrogen-ion con¬ 
centration of the system arc shown in relation to the mobility of the 
protected particles. 

3. The effects of salts of different valence on the mobility of hydrophobic 
particles covered with a protein film have been found to be more in direct 
proportion to their valence than with their adsorption isotherms. 

4. When the electrolyte solutions and gelatin were adjusted to the same 
pH and mixed, the hydrogen-ion concentration was altered. The mixed 
systems became more alkaline when the original acidity was on the acid 
side of the isoelectric point and more acid when on the alkaline side of the 
isoelectric point. The order of electrolytes in altering the hydrogen-ion 
concentration was identical with their effectiveness in decreasing the 
mobility of gelatin-protected particles. 

5. It has been suggested that small amounts of salts disperse gelatin 
into smaller particles, liberating more active groups. 
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INTRODUCTION 

One of the most important characteristics of an emulsion is its stability. 
This stability has generally been determined by allowing the emulsion to 
stand until the dispersed phase collects in bulk to an extent decided upon 
by the individual observer. This method is not only uncertain, but also 
extremely slow since, for example, emulsions of oil in water prepared in 
this laboratory have exhibited no separation of oil during a period of five 
years after their initial preparation. It was suggested by Harkins and 
Beeman (4) that a determination of the variation of the distribution of 
sizes of the dispersed droplets of the emulsion with time gives a measure of 
its stability. Of course, the stability of emulsion systems, like the stability 
of true colloidal systems, depends not only on the degree of dispersion of 
the dispersed phase, but also upon certain other factors, such as (1) inter¬ 
facial tension, which induces the coalescence of globules of the dispersed 
phase, reducing thereby the total surface, and (2) the electric charge of the 
globules, tending to repel globules on near approach. As in other col¬ 
loidal systems, the presence of a large number of small-sized particles 
characteristic for the permanent state appears to be general. The distri¬ 
bution of sizes for two types of emulsions, octane and heavy paraflSn oil 
(stanolax) in aqueous solutions of sodium olcate, was determined in order 
to obtain information concerning their stability under various conditions, 

APPARATUS AND PROCEDURE FOR OBTAINING NUMBER DISTRIBUTION CURVES 

Purification of substances 

The accuracy of the determination of the distribution of sizes of the 
droplets in an emulsion depends not only upon the method used, but also 
upon the purity of the participating components of the respective system. 
The purification of the substances used in this investigation and the 
preparation of the emulsions studied are presented herein in detail. 

* Research Associate, University of Chicago, 
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It is known that oleic acid, from which oleates used as emulsifiers are 
prepared, always contains by-products in the form of other fatty acids, 
and when exposed to air oxidizes readily. Oleates also oxidize readily, 
but since sodium oleate is oxidized less readily than potassium oleate it was 
used in the investigation. The method employed for the purification of 
oleic acid was a modification of one generally recommended: The commer¬ 
cial u.s.p. oleic acid was first shaken with pure granular rice carbon (Kahl- 
baum). After twenty-four hours standing the oleic acid was filtered from 
the carbon, water added to form an emulsion, and 0.1 N potassium hydrox¬ 
ide solution stirred into this mass until the saponified emulsion dissolved, 
when a saturated solution of lead chloride was poured in until a white, 
flocculent precipitate of the lead salts of the fatty acids separated out. 
The precipitate was filtered, the solution tested for complete precipitation, 
and the lead salts washed many times by decantation, the water being 
drawn off by suction on the funnel in the absence of air. These salts were 
then dissolved in ether by shaking and left standing in ether for four to five 
days for the complete removal of lead oleate. Other fatty acid salts, such 
as those of stearic acid, remaining as precipitates in the ether solution were 
separated by filtration. The lead oleate dissolved in ether was poured 
into a separatory funnel and repeatedly shaken with fresh portions of 0.1 
N hydrochloric acid until complete separation was effected. The ether 
layer was evaporated on a water bath; water was then added to the remain¬ 
ing oleic acid, which was resaponified with 25 per cent ammonia solution, 
and then diluted with water until all the soap dissolved. Treating with 
lead chloride does not render the oleic acid completely free from other 
admixed fatty acids, a small amount always remaining in the ether after 
the extraction. Therefore the soap solution was treated with barium 
chloride; a white, flocculent precipitate of barium oleate was obtained, 
which was allowed to settle for several hours. The precipitate was sucked 
from the cold solution in the absence of air, the barium oleate decomposed 
with tartaric acid or hydrochloric acid, and washed to separate the excess 
of acid. Even after this treatment the purified oleic acid still contained 
some palmitic and stearic acids, for the complete removal of which the 
oleic acid was subjected to a fractional distillation. 

Oleic acid decomposes, upon distillation under ordinary pressure, into 
water, carbon dioxide, acetic acid, capryHc acid, capric acid, and elaidic 
acid; therefore it was distilled under a pressure of 10 to 15 mm. to prevent 
decomposition (under this pressure oleic acid boils at about 223“C.). The 
pure oleic acid obtained after final purification was a colorless, odorless 
liquid, solidifying at a low temperature and in the solid state melting at 
14°C. Sodium oleate was then prepared from the purified oleic acid. 

Pure metallic sodium was dissolved in pure ethyl alcohol and a calculated 
amoimt of oleic acid previously dissolved in ethyl alcohol added to the 
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sodium ethylate until repeated tests of the alcoholic solution indicated a 
neutral reaction with a boiling mixture of three parts of alcohol and one 
part of water containing a few drops of phenolphthalein. The neutral 
alcoholic solution was evaporated on a water bath to dryness, the residue 
dissolved in absolute alcohol and refluxed for one hour. The hot solution 
was filtered through a hot air funnel. The soap obtained was crystallized, 
the crystals washed well with alcohol and dried in air. The dry powder 
was rubbed in a mortar with pure absolute ether until the fine soap powder 
was free from impurities; the ether was then removed by suction. The 
sodium oleate, obtained in the form of a white powder, was dried over 
phosphorus pentoxide in a vacuum desiccator for the elimination of water 
and ether, and ground to extreme fineness; its melting point was found to 
be 230-232°C., corresponding to that of pure sodium oleate. 

Preparation of emulsions 

At a definite temperature, an equal volume of the corresponding oil 
flowing in a thin stream from a pipet was added to an aqueous soap solution 
stirred by an Arnold drink mixer in a tube with a flat bottom at a constant 
speed of 3500 revolutions per minute. The emulsion obtained was homog¬ 
enized by drawing it up into a large 100-cc. pipet by means of a suction 
pump and rapidly expelling it by compressed air. This operation was 
repeated five times. Foaming did not occur when the homogenization 
proceeded comparatively slowly. The emulsion was poured into 10-cc. 
measuring cylinders having flat bottoms and provided with glass stoppers 
to prevent evaporation. 


Apparatus 

The apparatus used for the determination of the distribution of sizes of 
globules in emulsions was a new type Leitz microprojection equipment with 
a special collimator of great light-transmitting power. The emulsion was 
protected from the heat of the arc lamp by the use of a cell containing a 
solution of ferrous ammonium sulfate to which had been added a few drops 
of sulfuric acid to prevent its oxidation on exposure to air, also by a green- 
gold glass (patented) fixed on the wall of the heat-adsorbing cell. In 
addition, the microscope stand was surrounded by a series of lead tubes of 
small diameter in which cold water circulated. In this way, drying of the 
emulsions used in protracted experiments was prevented. 

EXPERIMENTAL PART 

All emulsions prepared as previously mentioned and before observation 
under the microscope were diluted three hundred times with distilled water. 
By means of a projection prism above the ocular, the image obtained in the 
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microscope was projected on a screen made up of a large sheet of millimeter 
graph paper attached to a wail opposite the projection prism. The distance 
of the microscope from the screen was such that each millimeter of the graph 
paper corresponded to one micron (micrometer calibration). The cell 
containing the emulsion was identical with that used by Harkins and 
Beeman (4). Special attention was given to the cleaning of the slide with 
the cell (similar in construction to a hanging drop slide) which served as 
the container of the emulsion, as well as the cover glasses. The slide and 
cover glasses were placed in a cleaning solution for several hours, washed 
many times with distilled water, and then placed in the funnel of an Ost- 
wald boiler containing distilled water and a solution of potassium perman¬ 
ganate, where they were left for an hour under steam. The fact that the 
slide and cover glasses when taken from the funnel were not wetted by 
water and dried quickly was evidence that their surfaces were clean. 

The distribution of sizes of globules in emulsions was obtained by 
calculating the number of droplets of various sizes. The method of obtain¬ 
ing the distribution curves of sizes was a statistical method, using the law 
of great numbers to increase the probability. Each distribution curve 
was obtained by calculating and measuring an average of fifteen hundred 
to two thousand droplets. From the calculated number of droplets of each 
size and the total number of droplets calculated, the percentage of droplets 
of each size was determined. 

The observation procedure was as follows: Immediately after diluting 
the emulsion, a sample was pipetted from it, placed upon a slide and 
covered with a cover glass. Oil contacts between the condenser and the 
slide and between the cover glass and the objective were made with stano- 
lax, since it is more readily cleaned off than cedar oil and does not harden 
after exposure to air as does cedar oil, which is usually used. Because of 
the dilution of the emulsion, only a few droplets were present in the micro¬ 
scopic field. The slide containing the emulsion was moved from one side 
to the other by means of a modified movable stage operated at a distance, 
and observations were made, after which the slide was cleaned and refilled 
with a fresh portion of the diluted emulsion. This procedure was repeated 
for every curve plotted, fifteen hundred to two thousand globules being 
measured for every curve. 


DISCXTSBION 

Number distribution curves were obtained for octane-water and stano- 
lax-water emulsions with sodium oleate as the emulsifier. The effects 
produced by varjring the concentration of the emulsifier, and particularly 
those changes in the distribution with time, were studied in order to draw a 
rdationship between the distribution of sizes of the dispersed phase and 
the stability of the emulsion system. The figure with curves obtained for 
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the distribution of sizes of oil droplets in octane-water and stanolax-water 
emulsions showed clearly: (1) that the maximum number of droplets 
corresponding in size from 1 to 1.5 microns in diameter is independent of 
the concentration, high or low, of the emulsifier used to produce a relatively 
permanent emulsion, and of the age of the emulsion, whether it is a day, a 
month, or even years since its initial preparation; (2) that the distribution 
of intermediate size droplets is rather gradual; (3) that deviations in both 
directions from the maximum size droplets correspond to the peak in the 
number distribution curve prior to the establishment of a stable static 
equilibrium of the emulsion, e.g., the course of changes in the distribution 
of sizes being comparable to the swing of a pendulum at both its extremi¬ 
ties; (4) that this method of attaining a state of equilibrium indicates 
changes occurring in the distribution of sizes with time by the ageing of the 
emulsion systems and varies with various concentrations of the emulsifier; 
(5) the percentage of large size droplets, such as those from 10 to 30 microns 
in size, was extremely small, very few being present in stable emulsion 
systems, and their appearance indicates a transition to an unstable form 
(the unstable state was verified by the distortion of the perfectly round 
shape of the droplets); (6) that the maximum peak in the distribution 
curve appeared not to be displaced by using a viscous oil instead of a fluid 
oil in an emulsion. 

These are the general results derived from a casual perusal of the data 
obtained and tabulated with respect to the distribution of sizes of droplets 
in different emulsion systems in the investigation of which factors influ¬ 
encing their state of permanency were varied. 

To study more thoroughly the kinetics of changes as reflected in the 
distribution of sizes, it was necessary to pursue small rates of changes of the 
physical quantity; therefore a mathematical analysis of the results obtained 
was necessitated. The distribution of sizes and the corresponding percent¬ 
age of droplets obtained experimentally were plotted for each emulsion 
directly in a coordinate system as integral curves, and from these integral 
curves derivative curves were constructed. For the evaluation of the 

derivative J/' — ^ when the function is known analytically, a differential 

calculus or a graphical method must be used. Geometrically, the proce¬ 
dure consists in using the principle that the ordinate of the derivative curve 
at any point P'(a;, j/)' is equal to the slope of the integral curve at any point, 
that is, of the tangent at the corresponding point of the integral curve. 

The practical construction of the derivative curve is as follows (figure 1): 
A point 5 (—2,0) is chosen at a convenient distance to the left of the axis y 
and a line parallel to the tangent drawn for each point of the integral curve. 
This parallel cuts the ordinate axis at the point U. Since SU forms with 
the axis +x the same angle a as the tangent then OU - tga = y' and the 
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point V projected horizontally on the ordinate from the point P cuts it at 
P’, which is the point of the derivative curve corresponding to the point P 
of the integral curve. Since F' = l/o/y.d*, then dy/d® «= 1/oF. The 
slope of the integral curve at any point is proportional to the ordinate of 
the derivative curve at the corresponding point. Derivative curves for all 
integral curves were constructed in this manner. 

In comparing derivative curves (figure 2, 0.10 M sodium oleate-octane- 
water emulsions) corresponding to integral curves expressing a change in 
the distribution of sizes with time as the emulsion grows older, it is seen 
that derivative curves A' and C" of aged emulsions have a large number of 
small size droplets, the maximum not even being indicated. Emulsions 
one day old and seven days old, respectively, differ from aged emulsions 
in the shape of the distribution curve in that their maximum is extended, 
D' indicating that there are several sizes of droplets in the maximum region, 
while B' limits the maximum to globules of certain definite size. The 



Fio. 1. Graphical Method for Deriving Differential Curves 

percentage of maximum (number) of globules of large sizes is more pro¬ 
nounced in aged emulsions. 

Figure 3 presents the same kind of derivative curves for the corre¬ 
sponding integral curves as figure 2, 0.10 M sodium oleate-octane-water 
emulsions, except that 0.01 M sodium hydroxide was added for the pre¬ 
vention of hydrolysis usually occurring in these emulsions (1). It was 
interesting to note the effect of an alkali, added to counteract hydrol}rsi8, 
on the character of the distribution of sizes in these emulsions, it being 
found that the dispersion into finer droplets was favored by the addition 
of alkali and that the distribution curves for emulsions in which hydrol 3 rsis 
was compensated reshaped the derivative curve, that is, a curve with an 
unexpressed maximum lying in an unmeasurable region (ultramicrons). 
Depending on the amount of alkali added, hydrolysis is retarded for varjring 
periods of time, and the stability of emulsions containing an excess of alkali 
is not essentially improved in comparison with emulsions to which no 
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alkali has been added for, after two months, the maximum level of small 
size droplets decreases markedly and is almost equal to that of emulsions 
without alkali (compare figure 3 with figure 2). 

A comparison of figure 3 with figure 2 makes evident also that the effect 


0 

Fio. 2. 0.10 M Sodium Oleate-Octane-Watbr Emulsions 
A, AA', 12 days old; P, BB', 7 days old; •, CC', 2 months old; O, DD', 1 day old 




Fig. 3. 0.10 M Sodium Olbate-Octane-Watbr Emulsions (H- 0.01 M Sodium 

Hydroxide) 

O, AA', 2 days old; P, BB', 9 days old; A, CC', 13 days old; #, DD', 2 months old 
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of hydrolsrsis at this concentration (0.10 M) of the emulsifier is sharply pro¬ 
nounced immediately after preparing the emulsion, for it interferes with 
the dispersing factor. However, as time passes, hydrolysis neither affects 
nor depresses the state of stability. 

Figure 4 presents the rate of changes in the integral curves of size distri¬ 
bution when a smaller amount (0.05 M sodium oleate) of the emulsifier is 
used to produce an emulsion system. The percentage of maximum small 
size droplets continues in the same direction, and as time goes on an 
equilibrium is established and stability becomes more pronounced. After 
a period of two months hydrolysis interferes greatly with the stability, the 
level of the maximum of small size droplets is displaced, and the emulsion 
exhibits a smaller percentage of small droplets and greater instability. 



Fig. 4. 0.06 M Sooitni Oleatb-Octanb-Watbr Emtjlsions 
A, AA', 12 days old; P, BB', 7 days old; •, CC', 2 months old; O, DD', 4 days old 

A comparison of figure 2 with figure 4 (emulsions of the same age but 
having different amounts of the emulsifier) shows that curves A' (twelve 
days old) have identical shapes indicating stability and the absence of 
hydrolysis. Curves B' (seven days old) have an expressed maximum 
effect of hydrolysis, and the percentage of small size droplets is slightly 
higher in the case of the lower concentration of the emulsifier. In figure 2, 
curve C' (two months old) has a shape suggesting the absence of hydrolysis, 
while in figure 4, curve C' (two months old) suggests the presence of 
hydrolysis; the maximum of small size droplets is displaced to a lower level 
in the case of the lower concentration of the emulsifier. 

With a concentration 0.05 M of the emulsifier, no marked hydrolysis is 
apparent after four days, while with a concentration 0.10 M the level of 
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the maximum of small size droplets is the lowest, that is, hydrolysis is 
present and the emulsion is practically instable. Figure 5 illustrates the 
ageing process of octane-water emulsions with a still smaller amount of 
the emulsifier, 0.01 M sodium oleate. Curves A', C', and D' exhibit a 
flat maximum, indicating the least stability of these emulsions. The 
percentage of the small size droplets increases with time and hydrolysis 
ceases its interference with the presentation of the actual distribution of 
sizes, an equilibrium apparently being established between dispersion; 
later, the action of hydrolysis is reestablished. The curve obtained for a 
three-months old emulsion is t 3 q)ical of a stable emulsion in which no 
hydrolysis has occurred. 

In the consideration of a still lower concentration of the emulsifier, the 
reverse with regard to stability is seen. The amount of the emulsifier seems 

lOOZ 
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Fig. 6. 0.01 M Sodium Olbate-Octane-Water Emulsions 
A, AA', 2 months old; BB', 3 months old; CC', 15 days old; O, DD', 2 days old 

to be insufficient in maintaining the stability of an emulsion, although 
readily attained in the beginning; after three days the emulsion has a high 
per cent of small droplets. 

Figure 6 presents curves for 0.005 M sodium oleate-octanc-water 
emulsions. The shape of the derivative curves changes greatly. In a 
comparatively short time, after fifteen days, curve C' has a very extended 
maximum peak and the percentage decreases rapidly. With an emulsion 
one month old, curve B' is obtained, the shape of which is similar to that 
of a fifteen-day old emulsion, but the decrease in per cent is more gradual 
and to a lesser extent. It must also be emphasized that emulsions contain¬ 
ing a very small amount of the emulsifier are short-lived, lasting only about 
one month. There is a great resemblance between the shape of curves 
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Af, C' of figure 5 and B', C' of figure 6, but a striking difference between 
D' of figure 5 and A' of figure 6. That is where the amount of the emulsi¬ 
fier, and correspondingly the weakening in the stabilization action, becomes 
sharply pronounced. 



Fig. 6 . 0.006 M Sodium Olbatb-Octanb-Watbb Emulsionb 
O, AA', 3 days old; BB', 1 month old; A, CC', 16 days old 



Fio. 7. Octanb-Watbb Emulsions (Two Months Old) 

• , AA', 0.01 M sodium oleate; P, BB', 0.10 M sodium oieate + 0.01 M sodium 
hydroxide; A, CC', 0.06 M sodium oleate; O, DD', 0.10 M sodium oleate. 

Figure 7 shows the influence of the amount of the emulsifier as compared 
for emulsions of the same age and when the state of equilibrium has been 
definitely established, namely, two months after the initial preparation. 
It is obvious that with an increase in the concentration of the emulsifier a 
higher maximum level for the per cent of small size droplets is obtained. 
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D' > C' > A'for 0.006 JIf (measured only for a one-month old emulsion). 
In addition, the most stable emulsion in this series of increasing stability 
with the concentration of the emulsifier is the emulsion corresponding to 
0.10 M sodium oleate plus 0.01 M sodium hydroxide; in other words, an 
emulsion in which hydrolysis has been retarded. 

STANOLAX-WATER EMULSION 

For the first time in the history of emulsion investigation, emulsions four 
and five years old have been investigated with regard to their stability, 
using the method of following the changes in the distribution of sizes in 
emulsion systems as a means for detecting small rates of changes in their 



A, AA', 0.10 M sodium oleate, seven days old; O, BB', 0.10 M sodium oleate -j- 

O. 05 M oleic acid, five years old; #, CC', 0.10 M sodium oleate, forty-one days old; 

P, DD', 0.10 M sodium oleate, four years old. 

permanency. The emulsions investigated were prepared by Harkins and 
Beeman four and five years prior to undertaking the present investigation. 

As may be seen from figure 8, curves B' and D' still retain the same shape 
as those for freshly prepared emulsions under the same conditions. But 
in comparing them with A' and C', the level of maximum size globules is 
displaced towards the lower one for old age emulsions. The emulsion for 
curve B', containing oleic acid to prove the influence of electroljd-es, showed 
a hydrolysis similar to that of a freshly prepared emulsion, while the 
emulsion (four years old) for curve D', without the addition of an acid, 
had a shape typical of permanent emulsions without hydrolysis. 

Figure 9 summarizes the results of the investigation on stanolax-water 
emulsions by var 3 dng the concentration of the emulsifier. The influence of 
the amount of the emulsifier used is pronounced in this case also, that is, 
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in the same direction as ^ras the case with the fluid octane oil which is less 
viscous than the heavy paraffin oil stanolax. The stability, as well as the 
larger per cent of small droplets in the dispersed phase of the emulsion, 
increases with an increase in the amount of the emulsifier used, provided 
emulsions are compared under strictly identical conditions, seven-day old 
emulsions being compared. 

Furthermore, as in figure 8, for 0.10 M sodium oleate concentration, the 
younger emulsion A' has its maximum level at a higher per cent of small 
droplets than the older emulsion C', but for 0.05 M sodium oleate concen¬ 
tration, B' lies below A'. The first case is the reverse of what takes place 



Fig. 9. Stanolax-Watbr Emulsions 

A, AA', 0.05 M sodium oleate, twelve days old; BB', 0.05 Af sodium oleate, 
seven days old; O, CC', 0.10 M sodium oleate, seven days old; ■, DD', 0.005 M 
sodium oleate, four days old; V, ££', 0.005 M sodium oleate, twelve days old. 

in the case of octane emulsions. Perhaps when a high concentration of the 
emulsifier is used with a viscous oil the equilibriiun is established in a 
different manner, owing to the difference in diffusion, and the influence 
of hydrolysis does not change it with time. The low concentration of the 
emulsifier 0.005 M sodium oleate in the stanolax oil emulsions indicates a 
behavior si mi l a r to that in the case of octane emulsions. 

CONCLUSIONS 

A statistical method, using a microprojection equipment, was employed 
to obtain the number distribution curves for octane-water and stanolax- 
water emulsions with sodium oleate as the emulsifier. 
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The influence of various factors, such as concentration of the emulsifier, 
age of the emulsion, and presence or absence of hydrolysis in the systems 
concerned with reference to the distribution of sizes in both kinds of emul¬ 
sion systems, was studied. From the experimental data, integral distribu¬ 
tion curves were drawn. The results could only be interpreted by deriving 
mathematically the differential curves for the corresponding integral 
curves. 

The shape and the level of the per cent of maximum small size globules 
on the derivative curves reflects the presence or absence of hydrolysis, high 
or low concentration of the emulsifier, and actual age of the emulsion. 
This method was proposed for measuring the stability of emulsions, and 
the latter was proved for the first time in the literature for stable emulsions 
four to five years old. 

I desire to express my deep appreciation and most sincere thanks to 
Professor W. D. Harkins for his valuable suggestions and kind cooperation 
in this work. 
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Some Applications and Limitations of the Specific Heat Method 
AS A “Non-compaeative Cbiteeion of Pueity” 

EVALD L. SKAU* 

Received July 19, 19Si 

Part III (8) of tWs series of papers contains a discussion of the enormous 
rise in the values of heat content and specific heat of a solid at constant 
pressure, (AH), and (Cp)„ respectively, just below its melting (freezing) 
point owing to the presence of impurity. In Part V (9) it was pointed out 
that only a small amount of impurity is necessary to raise the value of 
(Cp), above that of (Cp)i, the specific heat of the liquid, at the freezing 
point, and it was shown that if (Cp), > (Cp)i, we may at once suspect the 
presence of impurity in the sample. The purpose of the present communi¬ 
cation is to point out certain possibilities which must be kept in mind in 
applying such heat content and specific heat data as a “non-comparative 
(10) criterion of purity.” 

Although there is a high probability that a given compound is quite pure 
if the value of (Cp), increases almost linearly with temperature and so as 
not to exceed that of (Cp)t at the freezing point, actual exceptions and 
apparent exceptions exist. The actual exceptions comprise all the cases of 
impure samples where the change from the liquid to the solid state takes 
place completely at constant temperature, e.g., a eutectic mixture. The 
apparent exceptions are comprised of cases in which the change from the 
liquid to the solid state takes place over a temperature range but where 
this temperature range lies completely above the highest temperature for 
which the data for the heat content, and therefore for the specific heat, of 
the solid have been determined experimentally. This can best be seen by 
reference to a diagram. 

In figure 1 the dotted lines and the upper full line represent the heat con¬ 
tents in calories per gram, AH, of pure benzene in the liquid and solid states 

^ Guggenheim Fellow at Bayerische Akademie der Wissenschaften, Munich; 
Chemisches Institut der Universit&t, Frankfurt am Main; and Bureau International 
des Etalona Physico-chimiques, Brussels. 
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at various temperatures near the freeaing point, 5.6°C.; AH for the pure 
liquid at 5.5°C. is taken as zero. The full lines represent the heat contents 
of a 1-g. sample of benzene containing 1.48 mole per cent of naphthalene, 
i.e., enough to lower its freezing point l^C. (See paper III of this series, 
samples I and V, respectively.) The eutectic temperature of this binary 
system is —3.5'’C., i.e., 8®C. below the freezing point of the sample being 
considered, and the eutectic composition is about 13 mole per cent, 19.7 
weight per cent, of naphthalene (12). The total heat change for 1 g. of 
the impure sample during its complete solidification can be calculated on 



Fia. 1. Heat Content-Tempbratceb Ctjeve fob a Pcbb and fob an Impubb 

Sample of Benzene 

the basis of Washburn and Head’s values and on their conclusion that the 
system behaves ideally. One gram of eutectic liquid would give up about 
(0.197 X 36.4 + 0.803 X 30.1) or 31.35 calories during solidification, that 
is, about 1.25 calories per gram more than pure benzene. For the particu¬ 
lar sample in question the amount of benzene crystals which would separate 
on coding to —3.5® is 0.88 g. per gram of sample (8), so that there remains 
0.12 g. of eutectic solution. This gives up 0.12 X 1.25 or about 0.15 calorie 
per gram more on solidification than the same amount of pure benzene. 
Thus it is obvious that the heat content of the sample completely solidified 
at the eutectic temperature is 0,15 calorie per gram lower than that for 
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benzene. This is represented in figure 1 by the sharp drop in the heat 
content curve at —3.5®.^ Below this temperature the curve would be 
expected to run practically parallel to that for pure benzene since the slope, 
i.e., the specific heat, will not be much different, the specific heat of crystal¬ 
line mixtures being an additive property (7). The uppermost curve in 
figure 1, i,e., that for the liquid and supercooled liquid states, can be con¬ 
sidered as the same for the pure and slightly impure benzene. 

From figure 1 it is obvious that if the heal data for the impure sample in ques- 
lion did not include any values for the temperature range —3,5^ to +4.^°C,, 
the data would be interpreted as proving that the sample was highly purSy since 
the spe(jific heat of the solid would be almost linear with respect to the 
temperature and apparently (Cp)« < {Cp)i at the melting point. This 
would also be true in case the benzene contained any concentration of 
naphthalene as impurity up to 20 per cent by weight and indeed, since the 
same condition would exist on the other side of the eutectic, it would be 
impossible to distinguish by means of this heat data alone between a pure 
compound and a sample containing as high as 30 to 40 weight per cent of 
naphthalene. 

The case of cerotic acid reported by Garner and King (4) probably falls 
in this category. These authors pointed out that although the sample was 
a mixture of at least two acids, probably C 26 HB 2 O 2 and C 28 H 66 O 2 , as shown by 
x-ray analysis (3), the curves for the specific heat up to witliin 6®C. of the 
freezing point failed to show the usual abnormalities indicative of the 
presence of impurities. It seems probable therefore that the eutectic 
temperature for the mixture falls within 6®C. of the freezing point. Indeed 
this is in accord with the fact that an equimolecular mixture of the straight 
chain acids CnH2n02 and Cn+ 2 H 2 n-h 402 has a melting point only 6.1®C. below 
the freezing point of the Cn acid when n = 16; 5.5°C. when n = 18; 4.4°C. 
when n= 20; 4.3°C. when 11 = 22; and 4.2°C. when n = 24 (3). For the 
mixture of the C 26 and C 28 acids, therefore, the melting point would be 
expected to be about 4®C. below the freezing point of the C 26 acid.® 

Let us finally point out a possible misinterpretation of the heat content 
and specific heat data when the data for the range just below the melting 
point are complete. The curve for the sample of benzene containing 14 ^ 
mole per cent of naphthalene as impurity, given in figure 1, might be mistaken 
for that for a nearly pure compound with a transition point at —3,5^0., the 

* In actual practice this drop does not take place at a constant temperature since, 
as in the case of the pure substance, even a trace of impurity causes the solidification 
to take place over a range. 

* The fact that the heat of fusion for this sample as obtained by Garner and King 
( 4 ) is much lower than that of either the pure Cj« or C28 acid, indicates, if we assume 
that the sample contained no other impurity, that this binary system is not ideal. 



544 


BVAIiD I-. SKAir 


^form being stable below that temperature and the a-form above.* It is there¬ 
fore at once obvious that such a heat content curve with a break below the 
melting point cannot safely be accepted as definite proof of a transition 
point unless the curve just below the melting point (instead of below the 
supposed transition point) indicates that the sample is highly pure. 
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^ The heat of fusion of thea-form would then be taken as the difference in the heat 
content of the liquid at +4.5®C. and that of the *Wid form'' obtained by extra¬ 
polating the curve for the solid from just above —3.5°C. up to -f 4.6®C. The heat of 
transition would be taken as the difference between the heat content of the ^‘solida” 
and the “solid at +4,5®C. by extrapolation of the corresponding curves up to 
+4.5®C. 
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Electrocapillary curves for non-aqueous solutions are of interest in 
assessing the r61e of the solvent in the double layer at a metal-solution 
interphasc, but in an attempt to extend previous electrocapillary work to 
such solutions, it was found that the accuracy of a capillary electrometer 
was very much diminished, since the liquid no longer wets the glass per¬ 
fectly and the angle of contact between the mercury and the glass is less 
than 180“ by an uncertain and variable amount. In bad cases it is im- 
poasible to determine an electrocapillary curve at all in this way. It is 
therefore a matter of importance to examine other methods for the de¬ 
termination of electrocapillary curves, methods that may not suffer from 
this defect, and can be used to obtain electrocapillary data for non-aqueous 
solutions. 

The drop-weight method was first used by Ku6era (4) and has since been 
employed in electrocapillary work for special purposes in a limited number 
of cases, but only the following facts regarding its applicability and ac¬ 
curacy have emerged, (a) Ku6era found that, if throughout the course 
of an electrocapillary curve, the dropping rate is kept constant and slow, 
the drop-weight-potential curve is roughly parallel to the corresponding 
electrocapillary curve. The only data for electrocapillary curves available 
at that time were those of Paschen (5), so that, by modern standards of 
accuracy, this rough agreement is not very significant, (b) In dilute 
aerated solutions a spurious maximum occurs on the positive branch of 
the drop-weight-potential curve, owing to the reduction of the oxygen 
present in the solution (Heyrowsk^ (3)), but this can be avoided by using 
air-free solutions. In any case the effect only becomes large if the solu¬ 
tion is very dilute, (c) When the interphase between the mercury and the 
solution is non-polarizable, the drop-weight method is particularly liable 
to lead to false results, but this is now well understood (see Craxford (2)) 
and need not be discussed here, since this paper is concerned only with the 
polarized interphase. 

Thus before confidence can be placed in electrocapillary curves obtained 
by the drop-weight method, it is necessary to develop a reliable drop- 

545 



546 


S. R. CBAXFOBD AND H. A. C. McRAT 


weight technique for electrocapillary problems, and to compare curves ob¬ 
tained by it with the corresponding curves obtained by the use of an ac¬ 
curate capillary electrometer. Such a comparison is necessary, since a 
detailed application of the mathematical theory of the drop-weight method 
is impracticable, and it is therefore unjustifiable to assume, without ex¬ 
perimental proof, that the surface tension is linearly proportional to the 
i-op-weight over the whole of the electrocapillary curve. The requisite 
experimental proof of this assumption is given in this paper. 

EXPERIMENTAL DETAILS 

Two forms of apparatus were used for the determination of drop-weight 
electrocapillary curves under air-free conditions, and they are suflSciently 
described by the diagrams (figures 1 and 2). The construction of the 
capillary, at the tip of which the mercury drops are formed, is however a 
rather more subtle matter. Kufiera drew out a piece of ordinary thermom¬ 
eter tubing, and broke it off cleanly under water. The radius of the tip, 
which was the narrowest part of the capillary, was of the order of 0.002 
cm., but with this arrangement Kufiera was unable to extend his electro¬ 
capillary curves to potentials appreciably more negative than the electro¬ 
capillary maximum, on account of active electrolysis. Preliminary trials 
with such capillaries gave rather uneven curves, probably due to small 
changes in the effective radius of the capillary tip, arising from the very 
slow but unavoidable electrolysis that always takes place when a mercury 
surface is polarized. Such changes would become unimportant if the 
capillary tip were larger, and this would also effect a considerable saving 
of time, because for each measurement, a large number, fifty to one hun¬ 
dred, of the very small drops have to be counted out in order that their 
total weight may be large enough to minimize errors in weighing. Using 
wider capillary tips, only relatively few, ten to twenty, drops need be 
collected and weighed together each time. Hence the method used by 
Bennewitz and Delijannis (1) was tested, because this involves a capillary 
with a radius of about 0.1 cm., which is constricted above the tip so as to 
reduce the rate of flow by the desired amount. This gives smooth and 
reproducible curves only at the more positive potentials, in fact, at those 
potentials used by Bennewitz and Delijannis. As the mercury becomes 
more negative, very small amounts of gas form high up in the capillary and 
collect in the constriction, so breaking the thread of mercury. This insu¬ 
lates the drop of mercury that happens to be forming at that time, and 
thereby alters its potential, and hence its surface tension. The gas bubble 
is then swept down by the flowing mercury into the wider parts of liie 
capillary, where it disperses to the walls and rises up into the constriction 
once more. This cycle is repeated many times before the bubble becomes 
large enough to be finally swept out of the capillary. While these proc- 
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esses are occurring the drop-weight is clearly unreproducible and useless. 
This difficulty has however been eliminated by the type of capillary shown 
in the figures, where a large bulb, A, containing about 10 cc. of mercury, is 
interposed between the capillary tip and the constriction B. The top of 
the tube C is connected to a mercury reservoir by means of a rubber tube. 
This arrangement effectively prevents the collection of gas in the con¬ 
striction, and its use enables electrocapillary curves to be prolonged almost 



Fio. 1. Appaeatus Used fob the Determination of Drop-weight Electro- 

CAPiLLART Curves 



Fig. 2. Apparatus Used fob the Determination of Drop-weight Electbo- 

CAPiLLART Curves 


as far into the negative region of potential as with an ordinary capillary 
electrometer. The interposed bulb also prevents foreign bodies or other 
impurities derived from the rubber tube from reaching the capillary tip, 
and so vitiating the surface tension measurements, because in the course of 
each series of experiments the volume of mercury that drops through the 
capillary is considerably less than the volume contained in the bulb A. 

For each series of measurements, the apparatus is thoroughly cleaned, 
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filled with the neceasary solution, a cork inserted at D instead of tibe capil¬ 
lary, and the air removed by bubbling oxygen-free hydrogen for sevwal 
hours. Meanwhile the bulb A of the capillary is filled with pure mercury, 
and connected by means of a rubber tube to the mercury reservoir, taking 
care to enclose no air bubbles in the connection. The mercury used was 
purified and redistilled in vacuo, and the rubber tube was freed from sulfur 
compounds by boiling first in caustic soda solution, and then several times 
in distilled water. After being dried, it was shaken out several times with 
pure mercury before use. When mercury has begun to drop from the 
capillary, the latter is inserted into D in place of the cork, and after standing 
for half an hour for everything to come to a steady state, measurements 
may be commenced. The whole apparatus is fixed to a very heavy stand 
on a brick pillar, built in a basement laboratory, to avoid vibration, which 
Kufera showed to have a very large effect on the drop-weight. For each 
measurement the dropping mercury is polarized to the required amount by 
appl}dng a suitable potential difference between the contact E and the 
polarizing electrode Kj, and hydrogen is bubbled through the solution for 
about ten minutes, and is then turned off. The potential of the dropping 
mercury is then measured against the calomel electrode Ka. The potential 
usually fluctuates slightly according to the state of the drop, but clearly, 
it is the value just before the drop breaks away and falls, that is connected 
with its surface tension. There is no difl&culty in measuring this potential, 
but in any case the fluctuation is small. The height of the mercury reser¬ 
voir is then adjusted until the dropping rate becomes equal to any desired 
value, which must be kept fixed for each series of measurements. This 
rate must be a slow one, of the order of one drop every six or more seconds. 
The collecting spoon is then moved under the capillary, and twenty drops 
counted out and removed. The potential is again measured. The drops 
are poured into a 5-cc. crucible, washed twice with distilled water, and 
dried with strips of filter paper. The crucible is then placed in a vacuum 
desiccator, and its contents weighed next day. If, after each series of 
measurements, the capillary is washed thoroughly, it will continue to 
give satisfactory results for a long period of time. 

RESULTS 

Table 1 contains the results of such measurements for N potassium ni¬ 
trate solution. Colunm 2 contains the weights of twenty drops, ^d 
colunm 3 the surface tension for the same potential, measured by means of 
an accurate capillary electrometer. The ratio of the surface tension at 
the maximum to the maximum drop-weight is 305.1, and this factor is 
then used to convert each of the drop-weight values to surface tensions, 
by multiplication, and the result is given in column 4. The agreement 
between columns 3 and 4 throughout the whole of the range of potential 
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employed shows that the drop-weight method is accurately applicable to 
the determination of electrocapillary curves. At any potential the sur¬ 
face tension, as given by this method, is always well within 1 dyne per 
centimeter of the value given by the capillary electrometer, and hence 
the surface tension is correct to within 0.2 per cent. 

TABLE 1 


The electrocapillary curve for N potassium nitrate at IS’^C. 


i 

POTENTIAL 

(n. cal.) 

DROP-WEIGHT 
(20 drops) 

SURFACE TENSION MEAS¬ 
URED BY CAPILLARY 
ELECTROMETER 

SURFACE TENSION 
CALCULATED FROM 
DROP-WEIGHT 


grams 

dynes per cm. 

dynes per cm. 

- 0.011 

1 2390 

378.3 

377.9 

-0 046 

1 2548 

382.2 

382 7 

-0 073 

1 2673 

386.8 

386.7 

-0 145 

1 2956 

395 7 

395 3 

- 0.178 

1 3077 

399.2 

398 8 

-0 211 

1.3185 

402 6 

402 3 

-0 247 

1 3306 

406 0 

406 0 

-0 286 

1 3430 

409 3 

409 8 

-0 326 

1.3530 

412.3 

412 8 

-0 361 

1 3611 

414 8 

415 2 

-0 392 

1 3667 

416 4 

417.0 

-0 433 

1 3732 

418 5 

419 0 

- 0,470 

1 3764 

419 8 

420 0 

-0 516 

1 3791 

420.8 

420 7 

- 0.545 

1 3807 

421 2 

421 2 

-0 578 

1 3810 

421 3 

421 3 

- 0.613 

1 3803 

420.9 

421.1 

- 0.649 

1.3789 

420.2 

420.7 

- 0.679 

1 3752 

419.2 

419.6 

- 0.714 

1.3710 

417 6 

418 2 

- 0.760 

1.3625 

415 2 

415 7 

-0 816 

1.3504 

411.7 

411.9 

- 0.863 

1.3388 

407 9 

408.4 

-0 907 

1 3257 

404 0 

404.3 

-0 959 

1 3093 

399 2 

399.3 

- 1.008 

1.2928 

394 0 

394 4 

- 1.048 

1.2736 

389.4 

388.6 

- 1.107 

1.2529 

382 3 

382 2 

- 1.167 

1.2288 

374 4 

374 8 


SUMMARY 

A technique for the determination of electrocapillary curves by the drop- 
weight method has been developed, and the resulting curves are shown to 
coincide to within 0.2 per cent with the corresponding curves obtained in 
the usual way with a capillary electrometer. 
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Gaudin (3) states that graphite and sulfur are intensely water-repellent 
and that to float them it is often suflScient to add a ^‘frother^^ such as pine 
oil. Though other oils are sometimes added, Gaudin does not attribute 
their beneficial effect to their functioning as collectors. Nor does he at¬ 
tribute any collecting power to the frothers, but assumes that the natural 
floatability of these two minerals is sufficient to account for their flotation. 
Xanthates, it is claimed, exercise no collecting function toward sulfur and 
graphite, and their addition would be merely wasteful. 

We have found, however, that concentrations of frothers considerably 
in excess of those required to produce a good froth are necessary to induce 
good flotation of graphite. With certain other frothers in neutral solu¬ 
tions, no substantial flotation is obtained whatever their concentration, and 
it has been concluded that graphite, like most other minerals, requires a 
collector for satisfactory flotation. In those cases where a reagent, usually 
regarded purely as a frother, is alone suflBcient to induce good flotation, it 
has been shown that the reagent is itself a collector for the graphite. 
Contrary to the generally accepted view, it has been found that collectors 
of the xanthate type (xanthates, dithiocarbamates, dithiophosphates, etc.) 
are excellent collectors for both graphite and sulfur. Sulfur occupies a 
dififerent position from graphite since it usually floats readily without any 
collector. Under some conditions, however, the floatability is considerably 
enhanced by collectors of the xanthate type, and it has been shown, more¬ 
over, that they are abstracted from solution by the sulfur.^ 

The response of graphite and sulfur to collectors of the xanthate type is 
of considerable theoretical significance. It does not seem possible to con¬ 
nect the response of a mineral with the possession of any particular type of 
lattice structure by the mineral. Sulfur and cleiophane, cerussite and 

^ In an earlier paper (6) we made the statement that sulfur is not influenced by 
xanthates. This incorrect view was due to our not having experimented with suffi¬ 
ciently high concentrations of ethyl xanthate. 
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, anglesite, graphite, galena and cbalcopyrite, copper and gold represent 
among them several different types of crystal lattice, but they all adsorb 
xanthates from solution, and, what is more significant, all lead to the same 
maximum angle of contact for each xanthate at a line of triple contact 
air-solid-xanthate solution. The last-mentioned fact indicates that, fol¬ 
lowing the adsorption of the xanthate, the external or effective surface is 
the same in all cases, and that it consists entirely of the non-polar groups 
of the orientated adsorbed xanthate molecules. 

It would be premature to conclude that the nature of the forces binding 
the xanthate molecules to these vastly different surfaces is the same for 
all of them. Nevertheless there emerges from these observations sufiicient 
evidence to prove that certain of the proposed theories of adsorption can¬ 
not be of general application. 

Taggart (5) claims that chemical (soluble) collectors function by form¬ 
ing a substantially insoluble orientated water-repellent film on the surface 
of the mineral to be floated. He has endeavored to show that this film 
is formed by double decomposition between the soluble collector and the 
surface of the mineral. In cases where the solubility of the mineral is so 
low as to render such action improbable, as, for example, galena, it is as¬ 
sumed that a previous oxidation has already changed the mineral surface 
into some compound of suitable solubility. Though it has been shown 
that the surface of galena may become oxidized and that the oxidized film 
may react with ethyl xanthate by double decomposition, it has not, in our 
opinion, been shown that unchanged galena cannot adsorb ethyl xanthate. 
Indeed, the procedure for floating anglesite in practice, namely, to add 
sodium sulfide as well as xanthate, points to the conclusion that lead sulfide 
itself adsorbs ethyl xanthate more readily than does lead sulfate. This 
may be demonstrated by air-mineral contact tests, as will be shown in a 
future publication. 

At the surfaces of sulfur and graphite there can be no chemical reaction 
with xanthate of the type postulated by Taggart. The double decompo¬ 
sition theory cannot therefore be of general application, even if it be true 
in certain cases. The constancy of the contact angle, whatever the ad¬ 
sorbing solid, suggests, however, that the forces causing adsorption of 
xanthates are similar for all solids, and that any theory of the action of 
xanthates should explain their action on graphite as well as on galena. 

While it is contended that the simple chemical theory of adsorption 
should logically be abandoned, certain observations that lent support to 
it should not be forgotten, though the reason for them is obscure. The 
readiness with which a sulfide mineral adsorbs a collector of the xanthate 
ts^pe increases as the solubility of the compound formed between the base 
metal of the mineral and the collector decreases. It should be pointed 
out however, that since the solubilities of the heavy metal xanthates run 
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strictly parallel with the solubilities of their sulfides, this generalization 
might be expressed in an alternative form, namely, that the readiness with 
which a sulfide mineral adsorbs a collector of the xanthate type increases 
as the solubility of the mineral decreases. 

It is dissatisfying to reject one theory of adsorption without substitut¬ 
ing for it another theory that is in agreement with experimental facts. It 
is therefore proposed to consider the nature of the forces at the surfaces of 
solids with a view to deciding whether sufficient is known concerning them 
to provide an explanation for the adsorption of collectors. It is generally 
agreed that surrounding each of the atoms or ions of a solid there exist 
strong forces which are responsible for the cohesion that opposes cleavage 
or grinding, and which lead to high melting and vaporization temperatures. 
At the surface these forces are available for attracting other ions, atoms, 
or groups of atoms, but until recently very little was known of their magni¬ 
tude. Do Boer and Custers (2) have, however, made an attempt to calcu¬ 
late the energy of adsorption of phenol on sodium chloride, dividing the 
binding forces into two types, the van dcr Waals forces and the electro¬ 
static forces. It was shown by them that molecules with a high dipole 
moment are preeminently adsorbed electrostatically by the ions of the 
crystal lattice, whereas the van der Waals forces are operative for the non¬ 
polar portion of the adsorbed molecules. The soluble flotation reagents 
known as collectors possess either a high dipole moment or a high degree 
of dissociation. Most of the adsorption of common collectors on solids 
possessing an ionic lattice structure must therefore be attributed to elec¬ 
trostatic forces emanating from the surface ions, acting either on the di¬ 
poles or the dissociated ions of the collector. 

For solids of the graphite type, in which the electrons are shared equally 
between the atoms of the crystal lattice, different considerations must 
apply, and in this case it is difficult to reconcile the interior structure with 
an apparently undiminished ability to adsorb the xanthate type of col¬ 
lector. At the surface of such solids there must be a different arrangement 
of the electrons and a development of more polar characteristics.^ The 
structure of graphite is such that the surface consists of a hexagonal pat¬ 
tern of carbon atoms with alternate carbon atoms having available one 
electron for sharing with any atom or group also capable of supplying an 
unshared electron. Before it can adsorb xanthate or during the adsorp¬ 
tion, a rearrangement of electrons is necessary. Of the carbon atoms 
carrying an unshared electron every second one would be able (if spatial 

* Adams and Jessup (1) have shown by means of contact angle measurements on 
original crystalline surfaces and on surfaces produced by scraping, that the surface 
forces differ according to the method of producing the surface. Surface rearrange¬ 
ments are therefore sometimes necessary for thermodynamic equilibrium, but the 
rate of rearrangement may be infinitesimally small. 
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considerations permitted) to adsorb a xanthate ion, while the other similio' 
atoms would accept the electron available from these atoms on which 
adsorption occurs. 

It has been found that the adsorption of ethyl xanthate by graphite does 
not change the pH value of the solution; it follows that xanthic acid* 
alone is not adsorbed, for if it were, the solution would develop alkalinity. 
It has been shown, too, that the xanthate adsorbed on graphite may be 
approximately determined by an iodine titration; it cannot therefore be 
present as dixanthogen. Since xanthic acid is a strong acid, it is probable 
that undissociated potassium xanthate is not adsorbed. We are therefore 
led independently to the conclusion that the xanthate ion is adsorbed. 
Graphite can supply no ion to replace the xanthate ions adsorbed, and 
unless a positive ion (potassium ion) is also adsorbed, the graphite must 
become strongly negatively charged foUowing the adsorption. There 
probably exists a surrounding layer of potassium ions. 

It is well to consider the difference between this conception of the ad¬ 
sorption of xanthate ions and Taggart’s conception of chemical action, 
since the external appearance of the solid with its adsorption film is identi¬ 
cal according to the two theories. Nothing is known of the crystal struc¬ 
ture of lead xanthate, but it must certainly be very different from that of 
lead sulfide. The interior forces of the lead xanthate lattice must differ 
from those of the lead sulfide lattice, and the surface forces also must 
differ. These differences are manifested in the different solubilities in 
water and alcohol, and in the great ease with which air displaces water at 
the surface of the former. Consequently, the forces available to bind a 
xanthate ion to the surface of lead sulfide (by adsorption) must differ 
from those available to bind the same ion to the surface of lead xanthate 
(by crystal growth). The concentration of xanthate ions in equilibrium 
with two such different surfaces must therefore differ. Hence, in an earlier 
paper (4) Taggart was led to express tentatively the view that “the solu¬ 
bility of the substance as a surface coating is somewhat less than that of 
the same substance independently put into solution.” This statement 
must be interpreted as meaning that lead sulfide binds a xanthate ion to its 
surface more firmly than does lead xanthate. We have found it useful 
to retain the conception of an “adsorption solubility product” of lead 
xanthate at such a surface. Provided that it is not confused with the 
true solubility product of lead xanthate, there can be no confusion due to 
its use. It is merely implied that the concentration of the lead ion in 
solution influences the adsorption of xanthate ions at a lead sulfide surface 
in a manner qualitatively similar to but differing quantitatively from the 
manner in which it is known to influence the deposition of sulfide ions at 
the surface. 

' Banky (7) has suggested that xanthic acid may be adsorbed by galena. 
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Taggart’s suggestion that there must first be formed a fihn of sulfate 
(or other sulfoxide) before adsorption can occur, leads to an alternative 
picture, with an intermediate layer of lead sulfate between the lead sulfide 
and the xanthate film. (If this intermediate film be not retained in the 
final model, the supposed conversion to sulfate loses its significance. For 
if a xanthate ion can ultimately be attached to the sulfide lattice it is clearly 
unnecessary to postulate a sulfate layer at any stage of the process.) Here 
again the forces binding the xanthate ion to the surface differ from those 
binding it to a lead xanthate lattice, and the surface cannot be identical 
with a surface of pure lead xanthate. 

EXPERIMENTAL METHODS 

A. Contact angle measurements 

These have been carried out by the methods described in the third paper 
of this series (8). The sulfur specimens were cut from a solid obtained by 
allowing fused flowers of sulfur to cool. The usual methods of polishing 
are satisfactory for sulfur, but not for graphite. None of the methods 
tried gave a polish as good as can be obtained on specimens of the sulfide 
minerals or metals, and the use of linen as a final polishing medium was 
useless. Magnesium oxide as abrasive on a plane lead or aluminum plate 
proved moderately satisfactory. 

B. Flotation tests 

Grinding was accomplished under water with a porcelain pestle and mor¬ 
tar, and the pulp was deslimed by shaking with water in the test tube and 
pouring off the mineral that did not settle within fifteen seconds. The 
flotation tests were carried out in rubber stoppered test tubes (size 6 in. 
X1 in). About 2 g. of pound material with 30 cc. of water were introduced 
and the reagents added. The tube was then shaken vigorously. If a 
frother is present an excellent froth can be produced in this way, and if the 
mineral is in a condition susceptible to flotation from 50 per cent to 100 per 
cent of it will float in a well-mineralized froth that does not collapse on 
standing. Even when the mineral is not in a condition susceptible to 
flotation, a few particles usually float in an incomplete film on the surface. 
Unless the particles in the surface showed crowding this small tendency 
to float was ignored. Though the method is incapable of giving results 
that could be applied without modification in practice, it is a more rapid 
and more easily controlled medium for studying the effects of reagents 
than an ordinary flotation machine. The major differences between the 
test tube and the flotation machine lie in the method of aeration, and in the 
pulp density. 
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C. Consumj^ion of xanihate 

The xanthate was estimated before and after the abstraction tests by 
titration against standard iodine. The precautions necessary because of 
the low concentrations of xanthate and the consequent use of AT/IOOO 
iodine will be described elsewhere. 

EXPERIMENTAL RESULTS 

Graphite 

Flotation in the absence of reagents. Ground graphite will float in an 
incomplete film if it is fed carefully on to the surface of water. If, how¬ 
ever, it be once submerged, only a small proportion of the particles will 
float again. Washing with ether, to remove any adherent oil, has little 
effect on the flotation of graphite, nor does heating to a red heat, with 
or without subsequent quenching in water. It does not seem to matter 
whether the graphite is ground dry or under water. 

Effect of the recognized frothers. Under the conditions of these test tube 
tests, 10 mg. of terpineol (one of the major constituents of pine oil) per 
liter gives a fairly stable froth in water, but between 25 and 50 mg. of terpin¬ 
eol per liter is required to produce satisfactory flotation of graphite. 
With isoamyl alcohol 30 mg. per liter gives a fairly stable froth in water, 
but between 200 and 500 mg. per liter is required to produce a good flota¬ 
tion of graphite. Neither of these frothers induces satisfactory contact 
in contact angle tests, though solutions of high concentration lead to slight 
and irregular contact. 

Acetone, though a frother, is not, in neutral solution, a collector for 
graphite. One gram of acetone per liter gives a froth of low stability, and 
with 200 g. per liter the froth is still not very stable. Whatever its con¬ 
centration, however, acetone is without influence on the floatability of 
graphite. If a suitable collector is present as well (e.g., 5 mg. of potas¬ 
sium amyl xanthate per liter), the acetone exerts the usual function of a 
frother in facilitating the formation of a stable mineralized froth; about 
10 g. per liter is necessary for this purpose. Ethyl alcohol and cyclohex- 
anol are frothers that behave in a manner similar to acetone. 

In alkaline solutions all of these frothers give stable froths at lower 
concentration and all of them lead to flotation of graphite. Whereas in 
the absence of a collector 2 g. of acetone per liter gives appreciable flotation 
at pH = 12, and 10 g. per liter gives good flotation, in the presence of 10 
mg. per liter of potassium amyl xanthate 250 to 500 mg. per liter of ace¬ 
tone gives good flotation. In general it has been found that the addition 
of amyl xanthate permits of the flotation (especially of the larger particles) 
with considerably lower concentrations of “frother” than would otherwise 
be possible, and this is true whether alkaline or neutral solutions are used. 
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Effect of collectors of the xanthate type. Ethyl xanthate, if at sufficiently 
high concentration, is a good collector for graphite in test tube flotation 
tests. In these tests isoamyl alcohol (30 mg. per liter) was used as the 
frother. About 25 mg. of ethyl xanthate per liter definitely gives some 
flotation, but higher concentrations are required to give a permanent 
mineralized froth. Contact angles varied from approximately 30° for 
a concentration of 5 rag. per liter to 60° for concentrations greater than 
200 mg. per liter. Copper sulfate did not improve either contact or 
flotation at the lower concentrations of xanthate; it is not an activating 
agent for graphite. 

A concentration of 5 mg. of potassium amyl xanthate per liter gives 
good flotation of graphite; again 30 mg. of isoamyl alcohol per liter was 
used as frother. Contact angles varied from 57° for a concentration of 5 
mg. per liter of potassium amyl xanthate to 80° for a concentration of 
500 mg. per liter. Cyanide (1 g. of sodium cyanide per liter) is without 
influence on flotation or on contact, but after a short conditioning period 
strong alkali (pH = 13) prevents flotation, probably because it slowly 
saponifies the xanthate. If a solution containing 5 mg. of potassium amyl 
xanthate per liter is kept at pH = 13 for an hour before use, it fails to induce 
flotation of graphite. 

Of the dithiocarbamatc.s the butyl compoimd is more effective than the 
ethyl. Potassium dibutyl dithiocarbamate (10 mg. per liter), with iso¬ 
amyl alcohol (30 mg. per liter) as frother, induces excellent flotation of 
graphite. Solutions containing 5, 50, and 500 mg. per liter induced con¬ 
tact angles of 58°, 65°, and 74°, respectively. Sodium diethyl dithiophos- 
phate must be at a high concentration to cause flotation. As the concen¬ 
tration is increased, flotation first becomes possible at about 500 mg. per 
liter, but 10 g. per liter gives excellent flotation. The latter concentration 
leads to a contact angle of 60°. 

Thus, graphite generally responds to collectors of the xanthate type 
(containing the CS 2 group) in the same order as the sulfide minerals, 
which are least susceptible to the dithiophosphates, most susceptible to the 
dithiocarbamates, and of intermediate susceptibility to the xanthates. 
Like those on sulfide minerals, the collector films on graphite are very 
stable. Amyl xanthate cannot be recovered from the surface by washing 
with hot water or alcohol. 

Consumption of xanthate. Graphite rapidly abstracts ethyl xanthate 
and amyl xanthate from their solutions. Within ten minutes 2 g. of dry 
ground graphite completely removed the amyl xanthate from 20 cc. of a 
20 mg. per liter solution. Within half an hour 2 g. removed 69 per cent of 
the amyl xanthate from 40 cc. of a 500 mg. per liter solution, and 50 per 
cent from a second similar solution. The pH value remained unchanged 



558 


UN WILIiUM WABK AND ADWTN COX 


at 6.8; had xanthic acid been abstracted the pH value would have (Ranged 
to between 10 and 11. Similar results were obtained for ethyl xanthate. 

It is impossible to recover the adsorbed xanthate by digestion of the 
graphite with hot water or hot alcohol. That the xanthate has been ad¬ 
sorbed unchanged on the surface of graphite is, however, suggested by the 
results of a titration of a suspension of the conditioned graphite against 
JV/1000 iodine. The reaction is a slow one, several hours’ contact with 
the iodine solution being necessary, and an accurate'titration is impossible. 
However, at least 80 per cent of the adsorbed ethyl xanthate can be evalu¬ 
ated in this way. In a control test, graphite that had not been treated 
with xanthate consumed less iodine than corresponds to 10 per cent of 
this amount. 

Sulfur 

Sulfur differs from graphite in that it is inherently much more readily 
floatable. Sulfur that has been ground very coarsely under water does 


TABLE 1 

Abstraction of amyl xanthate by two grama of sulfur 


NO. 1 

CONCENTRATION OP XANTHATE 

IODINE BQITIVALENT 
OP XAN1HATE 1 

ABSTRACTED 

XANTHATE 

ABSTRACTED 

Initial 

Final 


mg. par liter 

mg. per liter 

(5C, 

mg. 

1 

312 

268 

3.4 

0 70 

2 

156 

108 

3.7 

0.77 

3 

94 

50 

3 4 

0.70 

4 

31 

0 

2 5 

>0.5 


not float completely on shaking it up with water or dilute solutions of the 
frothers already mentioned, but if it be allowed to slide slowly on to the 
surface a heavy film flotation can usually be obtained. However, by using 
coarse sulfur and low concentrations of frothers, it can be demonstrated 
that the xanthate type of collector, if present in sufficiently high concen¬ 
tration, enhances the floatability of sulfur. The adsorption of the collec¬ 
tor by sulfur may also be studied by measuring the contact angle at its 
surface in the presence of a solution of the collector. Thus 500 mg. of 
potassiiun di-rt-butyl dithiocarbamate per liter led to an angle of contact 
of 78®. Amyl xanthate did not, however, induce the customary angle of 
contact. 

We cannot confirm a statement by Christmann (7) that whereas sulfur 
is not wetted by water, pine oil causes it to be readily wetted by water. 
We find that the floatability of sulfur is considerably increased by the 
addition of pine oil. If sufficient pibe oil is added to give large undissolved 
globules, the sulfur, being wetted by pine oil in preference to water, goes 
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into the pine oil phase, or into the interface. The combined sulfur- 
pine oil aggregate is readily wetted by air and floats readily, unless suffici¬ 
ent sulfur is present to make its density greater than that of water. Christ- 
mann^s conclusion that the polar group of the pine oil is orientated out¬ 
wards at the surface of sulfur is therefore unjustified. 

The adsorption of collectors by finely divided sulfur has been determined 
by measuring the abstraction of xanthate from solution. Table 1 demon¬ 
strates that the amount of amyl xanthate removed is independent of the 
initial concentration of the xanthate, and that the whole of the xanthate 
may be removed from sufficiently dilute solutions. Two grams of flowers 
of sulphur and 16 cc. of xanthate solution were used for each test, three 
hours^ contact being allowed between sulfur and solution. The sulfur 
was then washed until the washings were free from xanthate and the un¬ 
consumed xanthate determined by titration against iV/1000 iodine. In 
order that the sulfur should be wetted by the xanthate solution, it was first 
wetted by 1 cc. of acetone. In a control test without sulfur, but with 
acetone, there was no appreciable loss of xanthate. 

This work was carried out for the following companies: Broken Hill 
South Ltd., North Broken Hill Ltd., Zinc Corporation Ltd., Electrolytic 
Zinc Company of Australasia Ltd., Mount Lyell Mining and Railway Co. 
Ltd., and the Burma Corporation Ltd. The authors with to express their 
thanks to Mr. H. Hey, under whose general direction they have worked, 
and to Professor E. J. Hartung, who has generously provided laboratory 
accommodation in the Chemistry Department of the University of 
Melbourne, 
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The kinetic method for the determination of the dissociation constant of 
benzoic acid in potassium chloride solutions has been shown to yield results 
in agreement with the electrometric method (7,10). 

In order to determine the dissociation constants of acids in solutions of 
other salts, it is necessary to calibrate the reaction for these salt solutions. 
This involves a study of the primary kinetic salt effect of the reaction. 
The present paper extends the study of Kilpatrick and Chase to eight 
solvent salts. The results are not only of value for the determination of 
hydrogen-ion concentrations, but in themselves they are of interest as a 
study of primary kinetic salt effect in a reaction of the zero kinetic type, 
A® + ► products. 

The rate-determining step may be regarded as the formation of the 
complex as postulated by Bronsted (2,3) or the decomposition of the inter¬ 
mediate complex in equilibrium with the reactants (1). In either case the 
equation which expresses the kinetic salt effect for this type of reaction is 

^HiO+ = ^HjO+ + ~ (1) 

where represents the velocity constant for molar hydrogen ion at 
the concentration C of the uni-univalent salt, and is the velocity 
constant for molar hydrogen ion at zero electrolyte concentration. P is 
the salting-out constant for acetal in the equation, 

In/o = pc (2) 


^ An abstract of this paper was presented at the Eighty-sixth Meeting of th® 
American Chemical Society, held at Chicago, Illinois, September, 1933. 

* Abstracted from the dissertation of Leonard C. Riesch which was presented to 
the Faculty of the Graduate School of the University of Pennsylvania in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy, June, 1934. 

* George Lieb Harrison Fellow in Chemistry, 1933-1934. 
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and 0' and 0* are the salting-out tenns for the ions in the expression, 

In/= - «VC-t-/3'(or/5')C (3) 

where 0, 0', and 0’ depend upon the specific electrolyte. 

Equation 2 has been shown to hold over wide ranges of concentration in 
certain cases (11). Equation 3 would not be expected to hold over a wide 
range of concentration. 

An examination of the results in the literature indicates that the magni¬ 
tude of the electrolyte effect varies greatly. Two typical examples are 

given in figure 1, in which — f r jg plotted against the 

electrolyte concentration C. 



Fio. 1. Thb Vaeiation of the B Valotb with Elbctrolyte Concbntbation 
O, KOI; A, NsCl; □, LiCl; ♦, KNO,; V, NaNO, 

The points represent the values of B, which equals 2.3 {0 + 0' -- 0"), 
at the various concentrations. It is to be noted that in the case of the 
acetone-iodine reaction B is small and fairly constant, while in the case of 
the hydroljrsis of sucrose B decreases until an electrol 3 rte concentration of 
approximately one molar is reached, after which B remains almost constant. 

For small values of B and low concentrations, equation 1 reduces to the 
form, 

AhiO+ ■= ^BW)+ + (4) 
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This equation has been subjected to many experimental tests in dilute 
solution and has been shown to hold within the accuracy of the measure¬ 
ments (4). 

In the case of diethyl acetal the B value is large, and equation 4 cannot 
be expected to hold, but through the range of concentration where equa¬ 
tion 3 is valid, log AhiO+ should be a linear function of the concentration. 
A few experiments reported by Bronsted and Wynne-Jones (6) apparently 
show this to be the case. 

Bronsted and Grove (5) have studied the primary salt effect in the 
hydrolysis of dimethyl acetal, and find that while the magnitude of the 
effect depends upon the particular electrolyte, equation 1 holds up to a 
concentration of 0.2 molar. The results reported herein indicate that 
equation 1 does not hold very exactly even in dilute solutions, but that B 
becomes fairly constant at high concentrations. 

EXPERIMENTAL PART 

The course of the reaction was followed dilatometrically, the apparatus 
and the method of calculation being the same as that used by Kilpatrick 
and Chase (10). 

The acetal was purified by fractional distillation after treatment with 
anhydrous potassium carbonate, the fraction boiling between 102.5-103‘*C. 
(760 mm.) being used. It was essential that the acetal be free from 
acidic impurities. Frequent tests for acidic impurities were made by 
adding 0.5 cc. of acetal to 50 cc. of carbon dioxide-free water containing 
bromothymol blue. During the course of the work it was found necessary 
to keep the acetal in tightly stoppered bottles to prevent the formation 
of acetic acid. Apparently a trace of moisture and acid result in the 
hydrolysis of the acetal to acetaldehyde, which on oxidation yields acetic 
acid thereby increasing the amount of acid present and the rate of hydrol- 
3 rsis. The salts were purified when necessary. The sulfonates were 
recrystallized several times from alcohol after decolorization with activated 
charcoal. 

An inspection of table 1 indicates that there is apparently a slight 
increase in fcHiO+ with increasing concentration, and a difference between 
the acids; however, this is probably within the experimental error of the 
measurements. We have therefore taken A:hiO+ a® 2.469. 

Table 2 gives the results with lithium chloride solutions. The magni¬ 
tude of the electrolyte effect is thirteen-fold at three molar, and even at 
0.2 molar it is 27 per cent. Table 3 summarizes the fcH»o+ values for the 
other salts. The specific effect of the various salts is evident. The fcHiO+ 
values vary over 100 per cent at some concentrations. Table 4 gives the 
B values calculated as for figure 1. From this table it is evident that the 
B values are much greater than those given in figure 1 for other reactions. 
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TABLE 1 


Results at low electrolyte concentration 


ACID 

CONCENTRATION 

k 

(OBBBRVBD) j 

*/Caoid - *HiO+ 


rndleB per liter 



HCl. 

0,00502 

0.01221 

2.432 

HCl. 

0.010096 1 

0.02478 

2.454 

HCl. 

0.01004 

0.02456 

2.445 

HCl. 

0,01004 

0.02447 

2.439 

HCl. 

0.01506 

0.03736 

2 480 

HCl. 

0.02008 

0.05021 

2.501 

1 


0 00510 

0.01244 

2.439 



0 01020 

0.02507 

2.458 

HNO,.i 


0,01020 

0.02569 

2.520 



0.01530 

0.03776 

2 468 



0.02040 

0 05066 

2 484 

i 


0.00510 

0 01246 

2 443 



0.01020 

0.02559 

2 508 

HCIO 4 . 


0.01020 

0 02497 

2 447 



0.01530 

0 03803 

2 485 



0.02040 

0.05104 

2.502 


TABLE 2 


Electrolyte effect at O^C, in lithium chloride solutions 


HCl 

LiCl 

k 

(observed) 

*/^acid * 

mo2«« per liter 

0.010096 

mdee per liter 

0.040 

0.02620 

2.60 

0.010096 

0.090 

0.02819 

2.80 

0.010096 

0 140 

0.02967 

2 95 

0.010096 

0.190 

0.03164 

3.13 

0.010096 

0 240 

0.03296 

3.27 

0.010096 

0 290 

0.03432 

3 40 

0.010096 

0.390 

0.03781 

3.75 

0.010096 

0.490 

0.04182 

4.14 

0.010096 

0.590 

0.04564 

4.52 

0.010096 

0.790 

0.05406 

5.35 

0.005048 

0.995 

0.03185 

6.31 

0.005048 

1 1.495 

0.04782 

9.47 

0.005048 

1.995 

0.07310 

14.48 

0.003029 

1 2 497 

0.06588 

21,75 

0.002019 

2.998 

0.06892 

! 

34.13 
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and that equation 1 is only approximately in agreement with experiment 
even in dilute solution. 

The value of B apparently decreases with concentration and becomes 
fairly constant at the higher concentrations. If the assumption that 
equation 2 holds is correct, the change in B must be due to the fact that 
equation 3 does not express the change of the activity coefficient of the 


TABLE 3 


^HaO+ O'^C. for various electrolytes 


ELECTRO¬ 
LYTE con¬ 
centration 

NaCl 

KCl 

NaCl04 

CsHeSOiNa 

p-CflHiCHjSOsNa 

LiNOs 

NaNOs 

KNOi 

moles per hter 









0.05 

2.58 


2 61 

2 55 

2 58 




0.10 

2 76 

2 79 

2 84 

2 63 

2.68 

2 77 

2 72 

2 74 

0.15 



3 04 

2.73 

2 74 




0 20 

3 08 

3 11 

3 21 

2 81 

2 82 

3 05 

3 01 

2 89 

0.30 

3 43 


3 60 

2 89 

2 93 

3 30 

3 19 

3 09 

0 40 

3 73 

3 73 

4 04 

3 06 i 

3 06 

3 55 

3 50 

3 31 

0 50 

4 08 


4 52 

3 19 

3 23 

3 85 

3.76 

3.51 

0.60 

4 48 

4 37 

5 01 

3.35 

3 40 

4.14 

3 95 

3 73 

0 70 




3 47 

3 49 1 




0.80 

5 27 

5.08 

5 98 

3.65 

3.63 

4 80 

4 43 

4 08 

0.90 




3 75 

3 75 



4 27 

1 00 

6.16 

5 74 

7 08 

3 97 

3 80 

5 51 

4 99 

4 49 

1.10 








4 62 

1 20 








4 88 

1.25 

7.47 



4.45 





1.50 

9 09 

7 95 

10 44 

5 04 


7 85 

6 51 


1 75 

10.83 


12 43 

5.62 





2 00 

13 06 

10 96 

15 15 



10 98 

8 32 


2 25 

! 15 69 


18 49 






2 50 

18 90 

14 34 

22 43 



15 06 

10 60 


3 00 

27 64 

19.42 

31 50 



21 08 

12 97 



ions with increasing electrolyte concentration. The more exact form of 
equation 3 is 

where h is the mean ionic diameter of the given ion and the ions in the 
solution. Other equations of this type have been used by other investi¬ 
gators (13), but in all cases for this type of reaction the resulting equation 
for the salt effect has the same form as equation 1. 



TABLE 4 

log kn^ — log kHtO^ 
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d d 6 d d d d d d d d d d d d 

1 

dddd dddddddd 


s. 

53 « 

s 

od d dddd ddddo 

NaNO. 

0 . 43 [ 0 . 38 ] 

0 . 43 [ 0.351 

0.37 

0.38 

0.37 

0.34 

0.32 

0.31 

0.28 

0.26 

0.25 

0.24 

(5 

a 

S ^ c? CO §? Sco 

o Q ddod d d d o dd 

KCl 

m i$i m m 

dd dd o dddo 

do ©do® dddd 

i 

0 . 40 ( 0 . 49 ] 

0 . 49 ( 0 . 53 )[ 0.501 

( 0 . 53 ) 

0 . 49 { 0 . 56 )[ 0 . 45 ] 

0.48 

0.45 

0.44 

0.43 

0.41 

0.40 

0.38 

0.38 

0.37 

0.36 

0.36 

0.35 

0.35 

ion 

9:33^9999 9 9 =3 ^ SS 

ddddddddd d d d d dd 

i 

0.50 

0 . 61 ( 0 . 54 ] 

0.60 

0 . 57 ( 0 . 52 ] 

0.54 

0.53 

0.53 

0.61 

0.48 

0.46 

0.42 

0.40 

0.39 

0.38 

0.38 

0.37 

U 

il| 

1 

;LSS9S9^9SSSSSSSSSSiS8^SS 

S dddddddddddd»Hi"<i»««ifH»H»Hdddco 

1 


The values in ( ) are from the data for diethyl acetal given by Bronsted and Wynne-Jones; those in (] are for dimethyl acetal from 
the data of Bronsted and Grove; those in_are from Kilpatrick and Chase for diethyl acetal. 




EFFECT OF ELECTBOLYTES ON BATE OF HTDBOLYSI8 


567 


The temperature coefficient 

The acetal reaction is so sensitive to hydrogen ion that A:h,o+ cannot be 
determined accurately by direct measurement above 0®C. The method 
employed was the two-thermostat method of Rice and Kilpatrick (12). 
Portions of the same solution were placed in two similar dilatometers in 


TABLE 5 

Electrolyte effect on the temperature coefficient 


HCl 

(approx.) 

SALT 

kvi/kn 

E 

DEVIATION FROM 

22.323 

molei per liter 

molee per liter 


calories 

calories 

0.0001 

— 

3.372 

22,199 

124 

0.0002 

— 

3 402 

22,360 

37 

KCl 

0.00015 

0.10 

3.423 

22,474 

151 

0.000125 

0.50 

3 420 

22,458 

138 

0.0001 

1.00 

3 447 

22,600 

277 

0.00004 

2 00 

3.493 

22,843 

520 

0.00004 

2.00 

3 550 

23,139 

816 

0 00004 

3.00 

3 449 

22,611 

288 

0.00004 

3.00 

3.407 

22,388 

65 

0.00004 

3.00 

3.275 

21,666 

657 

NaCl 

0.00007 

1 00 

3.385 

22,270 

53 

0.00004 

2 00 

3.516 

22,963 

640 

0.00004 

2 00 

3.323 

21,934 

389 

0.00004 

3 00 

3 206 

21,277 

1,046 

C.H5SO,Na 

0.0001 

1.00 

3.326 

21,949 

374 

KNO; 

0.00006 

3.00 

1 

3.325 

21,942 

381 

Average. 

3.395 

22,323 

±370 


thermostats at 35°C. and 25®C., respectively. The temperature interval 
was determined by a calibrated resistance thermometer, and the thermo¬ 
stats were controlled to ± 0.005®C. Equivalent portions of acetal were 
added to each and koui. was calculated in the usual manner. The quo¬ 
tient ku/ktt yielded the temperature coefficient directly. Table 6 gives 
the results and the energy of activation calculated from the Arrhenius 
equation. 
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Apparently the value of the energy of activation remains constant in the 
presence of neutral salts within the experimental error of measurement. 


DISOUSBION 

As already stated the results cannot be expressed by equation 1. Upon 
examination the deviations are found to be hyperbolic functions of the 
concentration. Equations which express the experimental results within 
2 per cent are given below. 


NaC 104 log k = 0.392 + 0.62(7 - (\/0.0576 + 0.104C* - 0.24) 

LiCl log k = 0.392 + 0.58C - (V'0.00292 + 0.04820* - 0.054) 

NaCl log k = 0.392 + 0.55C - (VO.OIO + 0.05350* - 0.10) 

KCl log k = 0.392 + 0.530 - (-^0.0256 + 0.07870* - 0.16) 

LiNOa log k = 0.392 + 0.500 - (-^^0.0049 + 0.04380* - 0.07) 

NaNOs log k = 0.392 + 0.450 - (^0.0225 + 0.06390* - 0.15) 

KNO, log k = 0.392 + 0.430 - (■n/0.0144 + 0.06970* - 0.12) 

CeHaSOsNa log k = 0.392 + 0.400 - (\/0.000225 + 0.04180* - 0.015) 


or 

p-C6H4(CH3)S03Na 


TABLE 6 


Correlatim between velocity constant and acidity function 


KCl IN MOLB8 PSR LITBB 

log k 

Ho 

log k-^ Ho 

0,00 

0 389 

1 05 

1.44 

1.00 

0 759 

0.88 

1.64 

2.00 i 

1 040 

0.75 

1.79 

3.00 

1 288 

0.60 

1 88 


Hammett (8, 9) has recently tried to show a relationship between the 
velocity constant of a reaction and the acidity function. He finds that the 
rate of the inversion of sucrose, and the rate of the hydrol 3 rsis of ethyl ace¬ 
tate and cyanamide in salt solution, can be expressed by the equation: 

log k + He = log ke 

where k is the velocity constant of the reaction, Ho, the acidity function, is 
equal to — log aH+ /b//hb> kt is a constant. In order to test the 
relationship for the acetal reaction, our values of log k and the correspond¬ 
ing Ho values for potassium chloride solutions determined by Hammett are 
given in table 6. 

The last column shows that log ko is not constant. In the case of the 
inversion of sucrose by trichloroacetic acid Hammett interprets the lack of 
constancy as indicating general acid catalysis. In the case of the acetal 
reaction it might seem that catalysis by acids stronger than HaO'*' exists. 
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The order of the effect of the anions is CIO4 > Cl > NO3 > RSOs, which 
might favor this view. However, the fact that changing the concentration 
of the hydrogen ion does not change the value of fcH 30 + argues against 
this view. If molecule catalysis were present an increase in the concen¬ 
tration of should alter the ratio of acid molecule to hydrogen ion and 
^HiO*f, calculated on the assumption that the hydrogen ion is the sole 
catalyst, should vary. Further evidence against the view that acids other 
than HsO"^ catalyze this reaction will be presented in a later paper. 

SUMMARY 

1. The primary kinetic salt effect of nine salts has been determined for 
the hydrolysis of diethyl acetal catalyzed by strong acids in aqueous 
solution. 

2. The temperature coefficient has been determined, and the heat of 
activation was found to be independent of the electrolyte concentration 
within the experimental error of measurement. 

3. The reaction has been calibrated to determine the hydrogen-ion 
concentration of buffer solutions. 
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Raumchemie der featen Stoffe, By W. Biltz. 24 x 16 cm. x + 338 pp. Leipzic: 

Leopold Voss, 1934. Price: unbound, 22.5 RM; bound, 24 RM. 

The present volume has been produced by Professor Biltz and a number of col¬ 
laborators, and is a very illuminating account of the information which may be 
gained from a study of molecular volumes of large numbers of substances. The 
approach to the subject is perhaps somewhat old-fashioned in the sense that tabular 
information concerning atomic and ionic radii as determined by crystal analysis 
has not been given, although references to crystallographic literature are very full 
and up-to-date. 

The first part of the book gives tabular information on molecular volumes and 
densities of solids corrected back to absolute zero, and the references to original 
work set out in detail at the end of each table number several hundred. Although 
the writers in most instances refer to the type of crystal structure of a particular 
compound and to the determination of its atomic arrangement, this is as far as the 
author goes in presenting the more modem physical results. The book is of a dis¬ 
tinctly different type than Hassel’s recent Krystallchemie and covers a much greater 
range of substances in a more general way. The considerations of radius-ratio and 
the additive laws for atomic volumes and atomic radii do not perhaps receive quite 
so much attention as some readers may wish. 

The book seems to fall between the entirely tabular type and that of a treatise, 
with the consequence that the lack of a substance index of any kind makes it a little 
difficult to use as a detailed work of reference. There is no question, however, that 
it is an extremely valuable compilation, and the excellent diagrams summarize the 
more important conclusions arrived at. The end-cover contains a detachable sheet 
of atomic and ionic volumes set out in the form of the periodic table; this should 
prove very valuable for quick reference. 

J. T. Randall. 

Thenniofiic Emission, By A, L. Reimann. 23 x 15 cm.; xi -1- 324 pp. London: 

Chapman and Hall, 1934. Price: 218. 

The subject of thermionics is one which has attracted a good deal of interest 
during the last thirty years, but it is only very recently that a more complete under¬ 
standing of the mechanism of electron emission by heated bodies has come about. 
The application of modern quantum statistics to the problems of metallic conduction 
and the properties of semiconductors has given us a much clearer insight into the 
fundamentals of thermionic emission by clean metals and oxide cathodes, respec¬ 
tively. Dr. Reimann^s book, whilst preserving an admirable balance between 
theory and experiment, has not neglected to give considjerable space to the pioneer 
work of Richardson, H. A. Wilson, and others, which did so much to set the subject 
on its feet. The outlook of the book is entirely fundamental and physical, ancj, the 
author has wisely left accounts of the obvious practical applications of his subject 
to others. The techniques of preparing the various thermionic emitters for accurate 
physical measurement are dealt with in a very clear way; to the practising physicist 
as well as to the theoretician and student the book is certain to be as valuable as 
it is timely. 
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The main items of the book deal with electron emission from clean metals^ from 
contaminated metals, and from oxide cathodes; in addition there are chapters on 
the emission of ions and modern general theory of electron emission. To the reader 
not so interested in the detailed presentation of the subject there is an introductory 
general survey of sixty-seven pages, which should be of great value to physical chem¬ 
ists. Perhaps in a later edition Dr. Eeimann might even extend and simplify this 
chapter a little, as many of the conceptions and arguments may be a little difficult 
for the non-specialist to grasp on a first reading. A section of the work which may 
be of more special interest to readers of this journal is concerned with the electron 
emission from contaminated metals such as cesium on timgsten (W-Th), barium on 
oxygenated tungsten (W-0~Ba) etc. The book contains considerable information 
not available elsewhere on this aspect of thermionics; it is well produced and printed, 
and it possesses the rare virtues of being well-written and indexed. 

J. T. Randall. 

Strahlentherapie in kolloidchemischer Beirachung. By R. E. Liesegang. 25.5 x 
18.5 cm. 46 pp., being pp. 871 to 914 of the Textbook of Medical Colloid Therapy, 
by Drs. L. Lichtwitz and R. E. Liesegang and Prof. Dr. Karl Spiro. Dresden: 
Verlagsbuchhandlung Theodor Steinkopff, 1934. Price: 3.00 RM. 

This small monograph consists largely of tabulated results of various related 
publications, dealing with the effects of radiation (light, ultra-violet, x-rays and 
gamma rays) upon living tissue, considered from the aspect of colloid chemistry. 
In a short preliminary note the view is advanced that the evolution of species and 
the non^-survival of prehistoric species may be due to the change of type of the 
radiation incident on the surface of the earth. The action of radiation of different 
wavelengths upon purely inorganic colloids is first considered on the basis of tabu¬ 
lated findings of various investigators, and the results are briefly discussed from the 
aspect of molecular charge and photochemical action. Further tabular data are 
given in respect to the action of radiation on various proteins, which come into 
question in physiological processes, the ‘ffieat point^^ theory of Dessauer being 
introduced. Similarly the effects of radiation upon ferments and their action is 
discussed, followed by a section on the action upon bacterial cultures. This leads 
to sections of more direct interest to the practical medical radiologist as to the 
effects of radiation upon the blood, protozoa, egg and ovarian tissues, and isolated 
organs. Finally the effects upon living skin and carcinomatous tissues are tabulated 
and briefly discussed. 

The monograph, being largely in tabular form, will be of assistance even to those 
not reading German, but the subject matter is of limited interest, being practically 
addressed to the few medical radiologists carrying on intense radiation treatment 
of cancer and other diseases, rather than to those interested in the underlying bio¬ 
chemical phenomena. 

B. J. Leggett, 

Dos WoBBrntoffisotop. By R. Fbbeichs. Ergebnisse der exakten Naturwissensch- 
aften, Sonderabdruck aus Band XIII (not sold separately). 23 x 15.5 cm.; pp. 258- 
309. Berlin: Julius Springer, 1934. Price: unbound, 28 RM; bound, 29.40 RM. 
This small monograph gives a good account of the investigations on heavy hydro¬ 
gen which had been carried out to the first part of 1934. Considerable attention is 
devoted to the method of separation. The physical properties are next considered, 
including nuclear properties and disintegration by the D-jnucleus. Something is 
said of the isotope The molecules HD and Da and t^ equilibrium between 
them are dealt with. The rest of the material is mainly concerned with the physical 
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and chemical properties of heavy water. The article is illustrated and provided 
with a bibliography of 186 items, which may perhaps illustrate the active interest 
in the new isotope shown in such a short period of time. 

J. R. Pabtington. 

Gmelina Handhuch der anorganiachen Chemie. 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummer 35: Aluminium, Teil A, 
Lieferung 2. 26 x 18 cm.; vi + 285-450 pp. Berlin: Verlag Chemie, 1934. Price: 
34 RM. Subscription price: 22.50 R.M. 

The volume deals with the electrochemical properties of aluminum, with its reac¬ 
tions with non-metals, metals, compounds of non-metals (including corrosion) and 
metals, solutions, and organic compounds; with the hydrolysis of aliuninum salts; 
and with the qualitative and quantitative analysis of aluminum, and the methods 
of testing the corrodibility of the metal. The subjects are treated very thoroughly 
and with references to the literature. The volume maintains the high standard of 
the work in general and includes a good deal of information of physicochemical 
interest. 

J. R. Partington. 

Einfuhrung in die Lehre von den Kolloiden. By H. Bechhold. 23.5 x 16 cm.; 160 
pp. Leipzig: Steinkopff, 1934. Price: 10 RM. 

This small volume contains a series of chapters dealing with various properties 
of colloid systems and written by different authors; the introductory chapter was 
written by Dr. Bechhold. Dr. Hock deals with the methods by which colloid parti¬ 
cles can be identified in properties with macro-molecules as well as their assemblage 
in sols and gels. Two chapters were contributed by Dr. Heymann on interfaces 
and the electrical properties of colloid systems. The preparation and purification 
of colloids are discussed by Drs. Schwarz and Erbe, whilst two chapters on the optical 
properties and x-ray examination of colloid systems were wTitten by Drs. Hauser 
and Brill. 

Whilst the book scarcely attains the ideal aimed at by the editor, viz., a complete 
survey of the present position of colloid chemistry and physics, it is nevertheless 
very readable and would serve as a general introduction to those who wish to take 
up the subject. The chapters on the optical properties and x-ray examination are 
especially to be commended, 

E. K. Rideal. 

The Atom, By J. Tutin. 14 x 22 cm.; 103 pp. London: Longmans, Green and Co., 
1934. Price: 6s. 

The conception of the Rutherford-Bohr atom has paved the way for advances in 
many branches of science; it has also satisfied one of the tests of a useful theory in its 
ability to predict new facts. Therefore some surprise is occasioned when the claim is 
made that an * inverted'' atom, with the electrons in the nucleus and the massive 
particles circulating in orbits outside, would serve equally well to explain the facts. 

Dr. Tutin makes such a claim in his book, and goes further in stating that his 
^^alternative” atom explains in a simple way many important phenomena of physics 
and chemistry which are so familiar that they are accepted as though no explanation 
were necessary. Prominent among these explanations is the distinction between 
metal and non-metal, a distinction which, though forming the basis of the study of 
chemistry, finds no expression in the orthodox picture of the atom. In Dr. Tutin’s 
theory, however, atoms of metals are provided with free electrons external to the 
nucleus. 
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The most radical change which the new theory suggests is in the mechanism of 
valency. This, in the orthodox view, is a concern of electrons, and therefore should 
be able to be correlated with spectral emission. To provide a similar mechanism for 
both valency and spectral emission implies that those atoms which are chemically 
most active should be most easily excited optically. That this is not true is well- 
known. Oxygen, one of the most active chemically, yields a spectrum only with 
difficulty; the inert gases are notably easy to excite spectrally and yet are assumed, 
because of their chemical inertness, to have their electrons in very rigid configura¬ 
tions. 

It appears to the reviewer that on these grounds any alternative atom merits close 
examination. 

Let us see how Dr. Tutin finds an alternative. He notes that it is unsatisfactory 
to have (1) an electronic mechanism for both valency and spectral emission, (2) no 
distinction between metal and non-metal. He overcomes the latter by allotting free 
electrons to metals, i.e., by furnishing a mechanism associated with ease of spectral 
emission. But do the properties of elements warrant a close parallelism between 
ease of spectral emission and metallic nature? Dr. Tutin^s argument seems to sug¬ 
gest so, and yet his scheme does not show it (radon with twenty-two free electrons 
should surely be a metal). Has he not removed one difficulty only to raise another? 

The “inverted” atom of Dr. Tutin is not so simple to grasp as the name suggests. 
It is not merely a “mirror image” of the Rutherford-Bohr one. The nucleus con¬ 
sists of electrons only, and their number is given by the atomic number of the ele¬ 
ment; but around the nucleus we may have isolated protons or electrons, or combina¬ 
tions of these in one or more of six possible groupings. (The stability of the nucleus 
is not discussed, but “since extranucleaf electrons are repelled by the nucleus, they 
can only be tied to the atom by attaching themselves to groups of protons.”) At the 
outset, therefore, the author has made ad hoc assumptions flexible enough one would 
imagine to allow him to “explain” anything. It could be justified only if it gave a 
neat and consistent picture of the elements of the Periodic Table. But a glance at 
the structures suggested reveals no such consistency. There is little resemblance 
between the structures of related elements, e.g., the halogens, nor even between the 
structures of the inert gases. 

The weakest point in Dr. Tutin’s essay is in his treatment of isotopes. This is all 
but shelved by his assumption that single protons may be used as constructional 
units and placed near the nucleus where they play no part in atomic union. The 
difference between an atom and its isotope, however, does not concern protons only, 
but an equivalent number of electrons. What happens to these? Dr. Tutin does not 
say, but in the solitary example discussed by Li® and Li'^, it appears that Li^ has a 
free electron whilst Li® has not. According to his theory the former should conduct 
electricity, whereas the latter should not. Dr. Tutin does not make the prediction, 
although there are grounds for believing that it may soon be possible to test it 
experimentally. 

The impression given by the book is that it is immature in that it deals superficially 
with a vast number of properties without adequate discussion of any one of them; 
and that the space devoted to justifying the Law of Causation would have been 
better used to meet the objections likely to be raised by the champions of the Ruther- 
ford-Bohr atom. It is difficult to say for whom the book was written. The general 
student is not competent to weigh the evidence produced; the specialist would not be 
satisfied with vague claims of what the theory involves, but would need a much more 
detailed discussion of each point raised. 


John A. Cbakstok. 
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Journal of the Institute of Metals. Volume LV (Proceedings). 304 pp. 17 plates. 
Edited by G. Shaw Scott, M.Sc., F.C.I.S. London: The Institute of Metals, 
36 Victoria Street, Westminster, S.W.l. Price: £l.ll8.6d. plus 6d. postage in¬ 
land, Od. postage overseas. 

The latest volume issued by the Institute of Metals is essentially a record of the 
papers presented at the Manchester Autumn Meeting and of the discussions on these 
papers. A special contribution is the Autumn Lecture, which deals with the work 
of Walter Rosenhain, a distinguished past president of the Institute, who died in 
1934. A complete record of his published work forms a valuable appendix to the 
lecture; the list covers five closely printed pages. A great part of the present volume 
consists of a very practical series of communications, together with a general dis¬ 
cussion, on the improvement of white bearing metals—a subject of much interest to 
engineers at the present time. 

Resonance Radiation and Excited Atoms. By A. C. G. Mitchell and M. W. Zeman- 
SKY. 338 pp., 84 figures, and 56 tables. New York: The Macmillan Co., 1934. 
The book is an exhaustive treatise on this special topic in molecular physics. 
In Chapter I such parts of modern spectroscopy are introduced as are needed in the 
further development of the subject. The sources of resonance radiation, the reson¬ 
ance lamps, are described and hyperfine structure of line spectra and resonance radia¬ 
tion are covered. Physical and chemical effects connected with resonance radiation 
are dealt with in Chapter II. Some of the topics included are: stepwise radiations, 
sensitized fluorescence, interaction of excited atoms with molecules and attendant 
chemical effects. The principle of microscopic reversibility or of detailed balancing 
or complete equilibrium is fully discussed in a most satisfactory manner. In Chap¬ 
ter III the authors cover the topic of absorption of light and the determination of 
the life time of the resonance state. Some of the sections are: the absorption co¬ 
efficient of a gas, the emission and diffusion of resonance radiation, absorption within 
a resonance line as compared with the absorption of its edges, the magneto rotation 
and dispersion of the edges. Chapter IV contains an account of the collision proc¬ 
esses involving excited atoms, the broadening of spectral lines, and the quenching of 
resonance radiation, while Chapter V concerns the phenomenon of polarization of 
this type of radiation. An appendix contains several pertinent derivations of formu¬ 
las and tables of functions. Each chapter ends with a complete bibliography of the 
subject matter dealt with, giving in alphabetical order references to the original 
literature. The style is simple and the story is unfolded in a direct and forceful 
manner. All students of modern atomic, molecular, and chemical physics will wel¬ 
come this volume, as it brings tpgether the complete literature of an interesting and 
important development of modern spectroscopy. 

Geoboe Glockleb. 

The Sub-Atom. By William M. Venable. 148 pp.; 11 figures. Baltimore: The 
Williams and Wilkins Co., 1933. 

The author tries to establish a different theory of matter than is held by modern 
chemists and physicists. He does not like the Bohr-Rutherford model of the atom 
with its positive massive center and its planetary electrons. He says: *‘Atoms are 
revealed as composite bodies made up of aggregations of ions each with a positive 
charge +s, accompanied with its negative charge — c. These smaller ions each with 
its electron are designated sub-atoms.‘‘ The book is the product of an active mind 
trying to change every concept with which it comes in contact. The alpha particle 
has mass 2 and not 4 and a charge +€ and not 2e. The modern concept of light emis- 
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0 ion and absorption by atoms is no good. Hydrogen spectra found as impurity in 
spectroscopic investigation are not due to such impurity at all, but arise from the 
fact that hydrogen is contained in all other heavier elements as a sub->element. One 
wonders why the author condescends to use any current concept at all. He probably 
could not think of replacements or he would have done so. To anyone even only 
superficially acquainted with modem chemical physics, the book is very annoying. 
However, from another point of view, it is interesting reading. It stimulates one’s 
interest in reviewing the arguments which have led to our modern concepts of atomic 
and molecular structure. 

Geobge GnOCKLBB. 

Theoretical Phyeice, Vol. II. Electromagnetism and Optics. (Maxwell-Lorentz). 

By W. Wilson. 315 pp.; 78 diagrams. New York: E. P. Dutton and Co., 1933. 

In this second volume the author continues his treatment of theoretical physics 
based on notes from lectures to university students. He covers electrostatics 
(Chapter I), polarization in dielectric media (Chapters II and III), magnetostatics 
(IV), electromagnetism (V and VI), thermoelectric currents (VII), Maxwell theory 
(VIII), and electron theory (IX and X). The very nature of the subject demands 
the mathematical treatment the author accords it. In his preface he points out the 
special form of the electromagnetic field equations in which an unusual notation 
brings out a four-dimensional appearance suggestive of relativity theory. This 
material covers 234 pages, leaving only about 80 pages for five chapters on optics. 
These cover geometric optics (XI), physical optics, interference and diffraction 
(XII), Huygens’ principle (XIII), propagation of light in crystalline media, polar¬ 
ized light (XIV), and general questions concerning the propagation of light (XV). 
Some of the chapters have a bibliography appended, where the interested reader can 
find the best known references concerning the material discussed. This seems partic¬ 
ularly fortunate in the latter chapters, for the treatment there is certainly concise 
and not one word is wasted; This treatise on theoretical physics should appeal 
particularly to chemists as a reference-set where they can expect to find precise 
statements concerning the various topics discussed. 


Geobgs Glockleb. 



ELECTROKINETICS. XIV 


A Critical Comparison of Electrophoresis, Streaming 
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There have been various attempts to check the different methods of 
measuring electrokinetic potentials against one another. Thus Sax4n (18) 
working with clay plates found good agreement between streaming poten¬ 
tial and electrosmosis. Kanamaru (16), on the other hand, was unable to 
find agreement between electrosmosis and streaming potential for dia¬ 
phragms made of cellulose. Briggs (5) attempted to check with streaming 
potential technique the values obtained by Abramson (1), using quartz 
particles coated with egg albumin. Excellent agreement was found. 
Since, however, both of these workers used relatively impure samples of egg 
albumin from completely different sources and also different buffer systems, 
the agreement appears to be fortuitous. This conclusion is borne out by 
subsequent observations by Abramson and Grossman (3). Abramson (2) 
has found good correspondence between electrosmosis and electrophoresis, 
using protein-covered surfaces. 

It appeared worth while to the author to reexamine the whole question 
and compare systems as nearly alike and under as similar conditions as 
possible. 


experimental 

The streaming potential apparatus used was the same as that reported 
in a previous communication by the author (7) and was arranged in the 
same fashion, except that two capillaries were used in series in order to 
increase the streaming potential. 

The electrophoretic cell was a radical modification of the one reported by 
Buz&gh (12), and a further modification of the one used by Bull and Sollner 
(11) and also by Bull, Ellefson, and Taylor (8). No complete description 

• Paper No. 1280, Journal Series, Minnesota Agricultural Experiment Station. 
Presented before the Eleventh Colloid Symposium, held at Madison, Wisconsin, 
June 14-16,1934. 
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of this apparatus has been published. It therefore seems worth while to 
describe the cell, since it combines the virtues of being inexpensive, simple 
in operation and construction, and easily cleaned. It consisted simply of a 
strip of plate glass into which a groove 1 mm. deep and 1.5 cm. wide had 
been cut, ground and polished lengthwise on its face. Small holes were 
ground through the strip of glass about 2 cm. from each end. These holes 
had glass tubes sealed into them and served as inlet and outlet for the cell. 
The electrodes consisted of copper wire imbedded in plaster of Paris made 
with half-saturated potassium chloride and inserted in the ends of the 
groove. The plaster was smoothed off, a thin cover glass obtained from 
an old photographic plate was laid over the groove, and the joint between 
the cover glass and the plate glass was sealed with melted paraffin wax. 
Melted wax was also poured behind the electrodes. The wax was allowed 
to solidify and the cell was ready for calibration. (The complete cell is 
shown in figure 1.) The fitting together of the cell requires only a few 
minutes so that the cell may be taken apart., cleaned, and put together 



Fig. 1. The Modified BuzAoh Electrophoresis Apparatus 


again with no great trouble. The cell was placed upon the stage of a micro¬ 
scope equipped with a 12.5 X ocular and an 8 mm. objective which com¬ 
bined working distance with sufficient magnification. The thickness of 
the chamber when filled with water was measured by means of the screw 
micrometer of the microscope. The copper electrodes were connected to 
the D.c. source of current. The potential gradient was obtained by meas¬ 
uring the distance between the electrodes, and dividing this into the total 
potential drop as determined by an accurately calibrated voltmeter. The 
potential across the cell was usually around 200 volts. 

In accordance with the formulation by Smoluchowski (21), measurements 
were made at the stationaiy levels. These stationary levels lie at 0.21 and 
0.79 of the total depth of the cell. A series of four readings was made in 
one direction and a like number in the opposite, until at least sixteen 
measurements had been obtained at each level. Velocity was measured 
with a stop watch by determining the time required for a particle in sharp 
focus to travel between two lines of the ocular micrometer. The electros- 
motic velocity was determined by making use of the technique employed 
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by Abramson (2). Sixteen determinations of mobility were made at the 
half depth of the cell. The electrophoretic mobility was subtracted from 
these and multiplied by 2. The result is the electrosmotic velocity of the 
solution. Both the electrophoretic and electrosmotic mobilities are 
expressed in m per second per volt per centimeter. 

Conductivity was determined with an a.c. galvanometer. This instru¬ 
ment had been previously checked against a 1000-cycle vibrator and ear¬ 
phones. The usual bridge arrangement was used. The 1000-cycle 
frequency w^as used to determine the cell constant. The method and 
values of Parker and Parker (17) were used for the calibration with N/10 
potassium chloride. 

The particles used in the electrophoretic measurements were Pyrex glass 
particles of about 1 /x in diameter. P 3 a*ex glass was selected instead of 
quartz to insure the same surface as that of the capillaries which were used 
in the streaming potential measurements. 

Two proteins w^re used to coat the particles and capillary walls. They 
WTre electrodialyzed Bacto gelatin prepared by Sinclair and Gortner with 
an ash content of 0.05 per cent, and egg albumin made from fresh eggs and 
crystallized three times from ammonium sulfate, according to Sorensen 
(19). The egg albumin was subsequently electrodialyzed. 

The protein solutions were made up the day before the experiment was 
to be conducted. This was to allow the solution to come completely to 
equilibrium. The electrophoretic and streaming potential measurements 
were always made on the same day and usually within two hours of each 
other. The temperature was 25° ± 1°C. 

Hydrochloric acid was used to bring the protein solutions to the desired 
hydrogen-ion concentration. The use of the ordinary buffer systems was 
avoided, owing to the desire to keep the conductivity as low as possible and 
thus obtain a higher streaming potential. The hydrogen-ion concentra¬ 
tions were determined with a quinhydrone-platinum electrode, using 
Clarkes values for the electrodes. 

The streaming potential measurements were conducted first. The entire 
protein solutions were streamed through the capillaries several times 
before readings were taken. In all cases at least twenty-one readings were 
made at different pressures and in reverse directions. Upon the comple¬ 
tion of the streaming potential measurements the protein solution was 
removed to a flask, a portion poured out, and powdered Pyrex glass added. 
This was allowed to stand fifteen minutes, and the electrophoretic velocities 
determined. 

The ratio between the zeta potential as determined by streaming poten¬ 
tial and electrophoresis was obtained by use of the following formulas: 


r* = (streaming potential) 


( 1 ) 
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* electrophoretic mobility, f y* = electrosmotic mobility. tfs = potential from stream potential. § f• * potential 
from electrophoresis. ? T* =* potential from electrosmosis. 
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te 


_ irriV 
~ DX 


(electrophoresis) 


( 2 ) 


where k is the conductivity in reciprocal ohms, II the streaming potential, 
ff the coefficient of viscosity, P the pressure forcing the liquid through the 
capillaries, X the potential gradient across the electrophoretic cell, D the 
dielectric constant, and V the velocity of the particle. 

Dividing equation 1 by equation 2 


r. P V 


(3) 


and introducing the proper constants to convert the ordinary units into 
electrostatic units we have 




Ifr Y 

7.57 X 


(4) 


This equation was used to calculate the values given in table 1. 

It was thought that it might also be interesting to compare the two 
methods using surfaces which were not covered with protein. Accordingly, 
some of the same quartz used by Bull and Gortner (10) in their study on 
particle size was suspended in 2 X 10"W sodium chloride and its electro¬ 
phoretic velocity determined. The true strea*ming potential was assumed 
to be given by the quartz where the potential no longer varied with the 
particle size, that is, at the largest size of particle. No decided trend in 
speed was noted between the various particle sizes. The electrophoretic 
speed of cellulose fibers was also measured. The cellulose was the same as 
that used by Bull and Gortner (9), and the streaming potential data was 
taken from their paper. 


blSCUSSION 

, Although there are only fifteen ratios reported for the relation between 
streaming potential and electrophoresis for protein surfaces, actually these 
represent a great many measurements. There have been 480 electro¬ 
phoretic measurements and 294 streaming potential determinations, so the 
whole takes on the color of a statistical analysis. The ratio comes out to be 
0.97, which within experimental error may be considered equal to 1. The 
ratio of the electrophoretic potential to the electrosmotic potential is 
very close to 1, which is in good agreement with the I’esults of Abramson 
(2), There is also satisfactory agreement between the electrophoretic 
potential and the electrosmotic potential. Thus it is seen that with 
protein-coated surfaces there is good correspondence between the three 
methods of determining the electrokinetic potentials. This lends support 
to the customary theoretical treatment of these phenomena, and would 



582 


HENRY B. BULL 


seem to support the factor of 4 in the equation for electrophoresis as derived 
by von Smoluchowski (20) and Henry (14).® 

The values for quartz and cellulose are quite disturbing. There is indeed 
very little resemblance between the electrophoretic values and the stream¬ 
ing potential results. It is not certain that the surface potential on the 
larger quartz particles is the same as that for the very small ones used in the 
electrophoretic study, though there was no evidence of any very decided 
trend in the potential as determined with electrophoresis. The results 
obtained from these measurements seem to bear out the factor of Gtt, in¬ 
stead of iw as proposed by Debye and Hiickel (13, 15). The values 
obtained for cellulose by the streaming potential method are much too 
low. If the results of Kanamaru (16) be accepted for the streaming poten¬ 
tial on cellulose, the agreement between the streaming potential and 
electrophoresis becomes much better; however the electrosmotic results 
then fall out of line. It may be that the small values for the streaming 
potential with cellulose are due to the diminished pore size in the dia¬ 
phragm packed tightly with cellulose. This is in keeping with the experi¬ 
mental results of White, Urban, and Van Atta (22) and also of Bull and 
Gortner (10) and with the theoretical considerations of Bull (6) and also of 
Bikerman (4). More investigation of surfaces which derive their charge 
by adsorption rather than by dissociation, as with proteins, is badly 
needed. • 


SUMMARY 

1. A new electrophoretic cell has been described. 

2. The electrophoretic, electrosmotic, and streaming potential methods 

“ Henry proposes the equation 

^ _ 3m 

2/n -f- 6in; 

for the electrophoretic mobility, where m is the specific conductivity of the dispersions 
medium, /x' is the specific conductivity of the particle, and the other letters have the 
same significance as previously noted. It can be seen that when dealing with non¬ 
conducting particles the factor for the equation becomes 4ir, With highly conduct¬ 
ing particles the mobility should approach zero. This has not been generally ob¬ 
served. Henry explains this by assuming that the particles become polarized and 
are in this fashion rendered non-conducting. Bull and Sdllner (11) have published 
mobility data obtained with mercury particles in a mercuroufi nitrate solution. 
These particles should be non-polarizable. Substituting approximate values in 
the Henry equation for the specific conductivities of the mercury and a 0.001 M mer¬ 
curous chloride solution, we find that the equation becomes approximately 

[A - 60 X 10-*~ 

6inj 

This indicates that the mobility should be in the order of l/100,000th of that ob¬ 
served. This represents a large discrepancy between the theoretical and experi¬ 
mental results. 
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of measuring the electrokinetic potentials have been compared, using the 
same solution and surface. 

3. Good agreement was found when dealing with protein-coated surfaces. 

4. Poor correspondence was found between electrophoresis and stream¬ 
ing potential for quartz and cellulose surfaces. 
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According to modern conceptions the ionic double layer responsible for 
(dectrokinetic phenomena consists of a sheet of ions containing an excess 
of either positive or negative charges rigidly attached to the solid wall, and 
a second layer of ions in the adjacent liquid containing an equal excess of 
charges of the opposite sign. The wall (inner Helmholtz) layer does not 
move under the influence cither of an applied hydrostatic pressure or of an 
imposed e.m.f. The outer layer, according to Stern (13), may be further 
divided into a diffuse (Gouy) component which is moved by an applied 
hydrostatic pressures, and a second (outer Helmholtz) component imme¬ 
diately adjacent to the wall layer, which cannot be moved by hydrostatic 
forces. The potential drop across the diffuse, movable component is the 
elcctrokinetic or zeta potential. 

Urban, White, and Strassner (14) suggest that although the outer 
Helmholtz layer is not displaced by hydrostatic forces, it may nevertheless 
move in an electric field. They point out that, on this assumption, only 
the outermost or diffuse component contributes to stream potential, where¬ 
as both the diffuse and the outer Helmholtz layers contribute to clectros- 
motic velocity. If Um is the electrosmotic velocity in the center of a 
capillary, and Wo and Uh the velocity of the diffuse and Helmholtz layers, 
respectively, then:— 


Wm == + Wa 


EDj ED .0 _ Em 

47n; 47r77 4 Try 


where E = applied e.m.f. per unit length of capillary, 

D = dielectric constant, 
y = viscosity, 

f = potential drop across the diffuse layer, and 
^ = potential drop across the entire double layer. 

* Presented before the Eleventh Colloid Symposium, held at Madison, Wisconsin, 
June 14-16, 1934. 
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This leads to the conclusion that when f (as measured by the stream 
potential method) becomes zero, electrosmosis may persist, provided that 
^ is not also zero. Further, if f and 4' are of opposite sign, stream potential 
may reverse while electrosmosis continues in the original direction. The 
symbol 4^ here designates the potential difference across the entire double 
layer and does not refer to the potential measured by the glass electrode, 
the latter apparently depending, within the range of concentrations studied 
by us, only on the hydrogen-ion concentration. 

These deductions may be tested experimentally by determining the 
direction and velocity of electrosmosis when f, as measured by stream 
potential, is zero. This paper is concerned only with a comparison of 
isoelectric concentrations for stream potential, electrophoresis and electros¬ 
mosis, respectively; a discussion of the absolute magnitude of the electro- 
kinetic potentials at other concentrations will be deferred. 

The literature contains only one record of a direct comparison of the 
stream potential isoelectric point with electrosmotic or electrophoretic 
isoelectric points on the same material. Abramson and Grossman (3) 
found that the hydrogen-ion activity required to stop electrosmosis and 
electrophoresis in an albumin-covered electrophoresis cell with albumin- 
covered particles was practically the same as that previously found by 
Briggs (4) to be isoelectric for stream potential through a diaphragm 
covered with the same protein. 

Isolated observations on isoelectric points of surfaces other than protein, 
however, do not show the same agreement with the two methods. Elissafoff 
(7) found a concentration of 1.9 X 10“® M thorium nitrate to be isoelectric 
for electrosmosis in a quartz capillary and about 7 X 10~® M thorium 
nitrate for a Jena glass capillary; whereas Freundlich and Ettisch (8) and 
Kruyt and van der Willigen (9) both found that stream potential in a glass 
capillary was already reversed at concentrations of 3 to 4 X 10~’’ M thorium 
nitrate. The possibility remained, of course, that differences in the kind 
of glass used might have been responsible for this wide discrepancy. 

Powis (11) found that a concentration of 3 X 10"‘ M thorium chloride 
was required to reverse the electrophoretic movement of droplets of “cylin¬ 
der oil,” while Bull and Gortner (5) report that 1.2 X 10“® M thorium 
chloride is isoelectric for stream potential on Nujol. Here again, a differ¬ 
ence in the kind of oil used might account for the results. 

EXPERIMENTAL 

In the present paper, stream potential, electrosmotic, and electrophoretic 
isoelectric concentrations are obtained of (1) hydrogen ion with gelatin, and 
(2) thorium chloride, ferric chloride, and aluminum chloride with Pyrex 
glass. 

Electrosmotic and electrophoretic isoelectric concentrations were deter- 
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mined by observing the movement of Pyrex glass particles in a closed 
Pyrex electrophoresis cell of the fl^at Northrop-Kunitz type. Abramson 
(1) discusses the use of such cells for electrosmosis and electrophoresis. 
The observed velocity of the particles at any given depth in the cell is the 
algebraic sum of the true electrophoretic velocity plus the electrosmotic 
velocity at that depth. The true electrophoretic velocity, Vp, is the 
observed velocity of the particles at 0.211 of the distance from the top or 
bottom of the cell. The true electrosmotic velocity, F„, may then be 
obtained either according to the formula F„ = 2(Fj — Fp), where Fj is 
the observed velocity in the middle of the cell, or according to the formula 
F„ = Fo — Fp, where Fo is the observed velocity at the wall of the cell. 
It was found in preliminary experiments that when the particle velocity 
was plotted against cell depth a sjrmmetrical parabola was obtained; also 
that values of F„ as calculated from the two formulas given above showed 
good agreement. In subsequent experiments, therefore, observations 
were made only at the bottom of the cell and at 0.211 of the distance from 
the bottom, and the electrosmotic velocity calculated from the second 
formula. 

In the case of thorium chloride with Pyrex, the electrosmotic isoelectric 
point was also determined directly by applying an e.m.p. across a Pyrex 
capillary of 600/x diameter containing varying concentrations of thorium 
chloride and observing the rise or fall of liquid in the recording arm of the 
apparatus due to electrosmotic transport across the capillary (Quincke 
(12)). The two methods gave the same results. 

Stream potential determinations were carried out on a Pyrex capillary 
of 300/1 diameter by the method described by White, Urban, and Van 
Atta (15). 

For all isoelectric point determinations on gelatin, solutions which were 
4 X 10“^ N with respect to potassium chloride plus hydrogen chloride and 
which contained 0.01 g. gelatin per liter were used. The pH was varied 
by changing the proportion of hydrogen chloride to potassium chloride. 
Measurements of pH were performed by the glass electrode method. Both 
particles and cell were allowed to stand in contact with the gelatin solution 
for one hour before measurements were begun, in order to allow the glass 
surfaces to become coated with the protein. It has been shown repeatedly 
(Abramson (2); Dummett and Bowden (6)) that many substances, includ¬ 
ing glass, adsorb a complete coating of gelatin from dilute solutions of this 
protein, and that such protein-covered surfaces no longer behave like glass 
surfaces, but rather show the properties of the adsorbed protein. That is, 
by treating the glass surfaces as described they have in effect been con¬ 
verted into gelatin surfaces, so that it is now possible to study the effect of 
ions (in this case hydrogen ions) on electrokinetic phenomena at a gelatin 
surface. To obtain reproducible results with such poorly buffered solu- 
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tioQS it was found necessary to increase the length of the side arms <hi the 
electrophoresis cell to about 20 cm. on each side in order to prevent diffu¬ 
sion of acid from the electrodes into the flat part of the cell during a series 
of readings. 

Stream potential measurements were made on gelatin-coated glass capil¬ 
laries, using the same solutions that were used for electrosmosis and electro¬ 
phoresis. In order to secure complete coating of the capillary in a short 
time, a more concentrated gelatin solution (0.1 g. gelatin per liter) was run 
through for a few minutes before the determinations began. At hydrogen- 
ion activities close to the isoelectric point the stream potential generally 
required several hours to reach a constant value. 

The isoelectric point data are summarized in table 1. 

A few words concerning the accuracy and reproducibility of these results 
may be inserted here. It should be pointed out that the figures listed are 
not the result of isolated observations near the isoelectric point, but are 


TABLE 1 

Isoelectric pH for gelatin and isoelectric ion concentrations ivith Pyrex glass 



ISOJilLnCTBXC 
pH FOR 
UKLATXN 

ISOELECTRIC 
CONCENTRA- I 
TIOJIS OF 

THCUwith 

FYHEX 

ISOELECTRIC ^ 
CONCENTRA¬ 
TIONS OF 
AlCls WITH f 
PYREX 

ISOELECTRIC 
CONCENTRA¬ 
TIONS OF 
FeCls WITH 
PYREX 



M 

M 

AT 

Stream potential. 

4 75 

4 X 10-7 

1 X 10-» 

1 X 10-« 

Electrosmosis. 

4 75 

3 X 10“« 

3 X 10*“« 

3 X 10-« 

Electrophoresis. 

4.75 

3 X 10“« 

3 X 10-« 

3 X 10“« 


taken from smooth curves representing electrokinetic potential over a wide 
range of concentrations. A typical set of curves is reproduced in figure 1. 
The absolute magnitudes of the electrokinetic potentials obtained by the 
three methods are not of quantitative significance; we were interested here 
only in the isoelectric points, and conditions essential to a quantitative 
measurement of electrokinetic potential were not adequately controlled. 
The isoelectric concentrations are given only to the nearest whole num¬ 
ber, since the curves are not reproducible with greater accuracy than 
this. For example, on six experiments on the electrophoresis cell, the 
isoelectric concentration varied between 2 and 4 X 10"* M thorium chlo¬ 
ride. In two experiments with the Quincke set-up the curve crossed the 
zero potential line between 2.5 and 3 X 10"* M thorium chloride. How¬ 
ever, experimental variations in the isoelectric point (due probably to 
slight contamination of the surfaces or to differences in the time allowed for 
equilibrium, etc.) do not go beyond these limits; at a concentration of 
1 X 10"* M thorium chloride, electrophoresis and electrosmosis always 
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Fig. 1. Electuokinetic Potential as a Fitnction of ThCU Concentration 
O, electrosiuosis; stream potential; A, electrophoresis 

A B C 

I 


2 

3 

4 

5 

6 

Fig. 2. Schematic Representation of the Course of the Potential Curves 
IN Varying Concentrations op ThCh 

A represents the solid wall, B the outer Helmholtz layer, C the outer boundary 
of the diffuse layer. The potential difference between A and C »* that between 
B and C » i*. Curve 1 represents the condition in water, where ^ and t l^ave the 
same sign; curve 2, 4 X 10“^ M thorium chloride, stream potential isoelectric; curve 
3, 8 X 10“*^ M thorium chloride, stream potential reversed; curve 4, 3 X 10'^® M 
thorium chloride, stream potential reversed, clectrosmosis isoelectric; curve 5, 
1 X 10“* JIf thorium chloride, stream potential and clectrosmosis the same, both 
reversed; curve 6 , 1 X 10*® M thorium chloride, both reversed, electrosmosis greater 
than stream potential. 
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have the same sign as in water, while at a concentration of 5 X 10~^ M 
thorium chloride, stream potential is always reversed. With trivalent 
aluminum and iron the difference in the isoelectric concentrations for 
stream potential on the one hand and electrophoresis and electrosmosis on 
the other hand is not so great as with thorium chloride, but no less definite. 
On the gelatin surfaces all curves crossed the zero potential line at a pH 
between 4.7 and 4.8. 


DISCUSSION 

From the experimental data on thorium-glass it is evident that even 
when the glass surfaces are the same* (Pyrex) and the solutions identical, a 
great difference exists in the isoelectric concentrations of thorium chloride 
for stream potential on the one hand and for electrosmosis and electro¬ 
phoresis on the other hand. At concentrations such that stream potential 
is reversed (between 4 X10“' M and 3 X 10“* M thorium chloride, electros¬ 
mosis and electrophoresis continue in the original direction. This is 
interpreted to mean that a potential drop may exist across the outer 
Helmholtz layer when the f-potential is zero, and further that the potential 
of the outer Helmholtz layer may be of opposite sign from that of the 
diffuse layer. In dilute solutions of thorium chloride, for example, if some 
of the hydrogen-ions in the outer Helmholtz layer are replaced by tetra- 
valent thorium ions, with their attendant anions in the diffuse layer, then 
there may actually be an excess of anions in the diffuse component, with a 
resultant reversal of stream potential. At the same time, if the boundary 
between mobile and immobile components of the electrical layer, which 
might here be designated as a triple layer, lies closer to the wall for electros¬ 
mosis and electrophoresis than for stream potential, the sign of the former 
remains unchanged. This sign will be reversed only when the adsorption 
process lias proceeded to the point (with increasing thorium concentra¬ 
tion) wher^ the potential at the outer boundary of the diffuse layer is less 
than that at the wall, which apparently does not take place until the 
thorium concentration has been increased at least sevenfold above that 
required for isoelectric stream potential. Figure 2 illustrates schematically 
this concept of variations in the course of the potential-distance curves as 
the thorium concentration is increased. Similar considerations hold for 
the aluminum-glass and iron-glass systems. It is recognized that some 
colloidal thorium, aluminum, or iron is almost certainly present, but this 
has no bearing on the reality of a difference in the isoelectric concentration 
of stream potential on the one hand and of electrosmosis and electrophoresis 
on the other. 

* The surfaces for electrosmosis and stream potential are certainly the same, i.e., 
fused smooth surfaces. We have also shown (10) that the electrophoretic behavior 
of broken (particle) and fused (sphere) glass surfaces is the same. 
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On the other hand, the isoelectric hydr()j2;en-ion concentration for gelatin 
is the same for electrosmosis, electrophoresis, and stream potential. In 
this case, when f becomes zero, yp is also zero, and the two are never of 
opposite sign. Without entering into an adequate discussion of the 
mechanisms involved in the two cases, it should be pointed out that the 
layers are probably quite different on the two types of surfaces under 
consideration. In the case of gelatin the double layer is produced by an 
ionization process which gives rise only to varying ratios of univalent anions 
and cations in the solution, the total concentration nmiaining the same. 
It is difficult to see how such a proc(\ss could produce a difference in sign 
of the outer Helmholtz as compared with the diffuse layer. 

STJMMAKY 

The isoelectric concentration for electrosmosis and electrophoresis on 
Pyrex glass is found to be for thorium about seven and for aluminum and 
iron about three times as great as the isoelectric concentration for stream 
potential on the same kind of glass. The hydrogen-ion isoelectric concen¬ 
tration for gelatin, on the other hand, is the same for electrosmosis, electro¬ 
phoresis, and stream potential. The results are explained on the assump¬ 
tion that only the diffuse component of the double layer is moved by 
hydrostatic forces, while both the diffuse and the outer Helmholtz layers 
move in an electric field. 
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INTRODUCTION 

Numerous investigators (5, 7) have demonstrated a close relation 
between the elektrokinetic potential (zeta potential) of colloidal particles 
and the amount of electrolyte necessary to flocculate the system. A 
number of years ago Wiegner (10) called attention to the r61e of ionic 
exchange in modifying the stability of a suspensoid, and it appeared that 
the significance of the interchange phenomenon had been greatly under¬ 
estimated by many students of coagulation processes. The present study 
attempts to clarify the relation among ionic exchange, zeta potential, and 
flocculation value for colloidal clay systems and to furnish quantitative 
correlations among these three magnitudes. 

EXPERIMENTAL TECHNIQUE 
Ionic exchange 

The technique of ionic exchange experiments has been fully reported 
previously (3). In principle, natural Putnam clays were electrodialyzed 
and the resulting H-clays converted into basic clays (Na-clay, Ca-clay, 
etc.) by addition of known amounts of hydroxides, except in the case of 
La- and Th-clays and methylene blue clay, which were obtained by leach¬ 
ing of NHrclay with lanthanum nitrate, thorium chloride, and methylene 
blue chloride. To these basic clays electrolytes were added at various 
concentrations, and the exchange adsorption determined by analysis of 
the supernatant liquid. The amount of electrolyte added to the clay sols 
is expressed in terms of symmetry concentrations, that is, in multiples of 
the number of milliequivalents of adsorbed ions in the system. In particu¬ 
lar, the magnitude of exchange expressed in percentage for the symmetry 
concentration equal to one {S = 1) is called symmetry value. All exchange 
data used in the present publication are symmetry values and have been 
reported previously (4). 
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Zeta potentials 

All measurements of migration velocities were made with an ultra¬ 
microscope and an open cataphoresis cell as described by Tuorila (8). The 
cell was improved by introducing removable electrodes to permit thorough 
cleaning, which reduced the mean error of measurement to 2 per cent. 
The cell constructed obeyed Smoluchowski’s equation strictly. Table 1 
contains only a single observed migration velocity for each type of clay, 

TABLE 1 


Data on zeta potentials, adsorption, and flocculation 


TYPS or COLLOIDAL CLAY 

MIGRATION 

VELOCITY* 

(all nro- 
ativb) 

tempera- 

TORE 

*C. 

AVERAGE 

ZETA 

POTENTIAL 

IN 

MILLIVOLTS 

(negative) 

PER CENT 
RELEASE 
OP 

ADSORBED 

ION 

(symmetry 

values) 

PLOOOULA- 
TION VALUE 
FOR KCl 
(in terms 
OP 8 con¬ 
centra¬ 
tions) 

ploccula- 

tion 

VALUE FOR 
COMMON 
CATION AS 
CHLORIDE 

(5-ooncen- 

TRATION 

Li-clay. 

3.45 

30.3 

58.8 

68.0 

21.6 

26 

Na-clay. 

3.31 

28.9 

57.6 

66.5 

11.2 

14.8 

K-clay. 



56.4t 

48.7 

7.8 

7.8 

NHrcIay. 

3 48 

33.2 

56.0 

50 

5.4 

4 9 

Rb-clay. 

3.25 

30.3 

54.9 

37.4 



Cs-clay. 

3.02 

30.3 

51.2 

31.2 

5.6 

4.2 

H-clay. 

2.84 

30.3 

48.4 

14.5 

1.5 

0.36 

Mg-clay. 

3.18 

30.3 

53.9 

31.32 

2.9 

0.69 

Ca-clay. 

3,27 

32.8 

52.6 

28.80 

3.0 

0.55 

Sr-clay. 

3.06 

30.3 

51.8 

25.76 

2 6 


Ba-clay. 

3,01 

! 30.3 

50.8 

26.75 

2.3 


La-clay. 

2.74 

21.2 

45.5 

13.96 

0.86 


Th-clay. 

3.11 

32.2 

50.41 

47. IJ 

1.85 

0.60 


M.B.-clay. 

2.57 

33.7 

40.5 


0.0 



* Microns per second per volt per centimeter. 

t Interpolated from a corresponding monovalent series (Li, Na, K) of Putnam 
clay. 


but the average value of the zeta potentials calculated according to the 
equation 




Hd 


(300)* 


( 1 ) 


where f = zeta potential, 

V = viscosity of the solution (HjO) in poises, 

(t = migration velocity of particle in cm. sec.~‘, measured at a depth 
of 0.2113 times the thickness of the cell. 
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D — dielectric constant (80), 

H = potential gradient in volts cm.~‘, and 
300 = ratio of electrostatic unit to practical electromagnetic unit of 
potential. 

Although equation 1 is subject to criticism, we prefer to report the results 
as zeta potentials rather than migration velocities. 

The migration velocity was found to be directly proportional to the 
potential difference between the electrodes, and appeared to be independent 
of the size of the particles. As the concentration of the sol increased the 
velocity decreased, as shown in figure 2. All data reported were measured 
at a sol concentration of 0.001 per cent on the basis of the weight of H-clay. 
The sols were kept in stock solutions of 0.5 per cent and 1.0 per cent, and 
it was observed that after dilution to 0.001 per cent the zeta potentials 
varied with the age of the diluted sol (figure 1). Final measurements were 



Fig. 1. Effect of Dilution -4aE on the Potential of Clay Particles 
Fig. 2. Effect of Clay Concentration on the Zeta Potential of Clay 

Particles 


taken four to six days after dilution. All clays were negative, even the 
Th- and La-clays, in spite of the fact that addition of thorium chloride or 
lanthanum nitrate to a K-clay yields positive particles. Evidently during 
the process of removal of the excess electrolyte by leaching with distilled 
water the stabilizing chloride ions were replaced by OH“ and HCOj~ and a 
negative clay resulted. Somewhat similar observations have been reported 
by Lottermoser (6). The zeta potential of the Th-clay appears to be too 
high, as will be demonstrated later. 

Flocculation values 

It is difficult to reproduce satisfactorily flocculation values for clay sols 
because of the great influence of such factors as method of shaking, age of 
sol, mode of diluting, etc. The following procedure was adhered to rigidly. 
Into a 75-cc. test tube were placed 5 cc. of 2.66 per cent clay sol (on the 
basis of H-clay), x cc. of redistilled water, and y cc. of electrolyte solution. 
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The final volume (5 + x + y) was always 35 cc. For fifteen minutes the 
tube was gently shaken with a mechanical device and care was taken that 
no air bubbles formed. Ten cc. of the mixture was then transferred into 
another 75-cc. tube which contained 25 cc. of water, and both tubes were 
shaken fifty times. This procedure permitted the determination of floccu¬ 
lation values at two different clay concentrations. In this paper only the 
values for the second (dilute) system are given. The tubes were put into a 
thermostat (SO^C.), and after six hours the presence or absence of sedi¬ 
mentation was recorded. The flocculation values are expressed in terms of 
sjrmmetry concentrations, which notation furnishes more instructive 
figures than does the customary designation as millimoles per liter. 



Fig. 3. Effect of Charge and Size of Adsorbed Cations upon the Potential 
OF Colloidal Clay Particles (LI-clay, Cr-clay, etc.) 

ZETA POTENTIALS AS INFLUENCED BY CHARGE AND SIZE OF THE 
ADSORBED CATIONS 

In view of the fact that all clays prepared carry the same number of 
adsorbed cations, namely 60 milliequivalents per 100 g. of clay, the zeta 
potentials can be directly related to the nature of the ion in the outer swarm 
of the electric double layer. According to the data in table 1 and the 
curves in figure 3, certain regular trends are evident, and in particular an 
ionic charge and size effect come into prominence. For rare gas type ions of 
equal size the zeta potentials of the clays tend to be lower as the electric charge of 
the adsorbed ion is higher. The restriction of the comparison to ions of 
equal size is essential because certain mono-clays (e.g., Cs-clay) have 
lower potentials than some of the di-clays (Mg-clay, etc.). Evidently 
the statement often found in literature that clays with adsorbed divalent 
cations have lower potentials than mono-clays is too general, and applies 
only to ions with equal crystal lattice radii (Goldschmidt’s values). The 
rdle of ionic size can be formulated as follows: For rare gas type ioiti of 
equal valency the zeta potential is the higher the smaller the adsorbed cation. 
This observation is in agreement with Wiegner’s idea (10), according to 
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which the most hydrated ion (small ions are very strongly hydrated) 
brings about the highest zeta potential. 

On the basis of Helmholtz’s classical picture of the electric double layer, 
the potential is higher as the number of electric charges (e) and the average 
distance (5) of the double layer are greater. For ionic crystals such as clay 
particles, dissociation can be considered as complete (heteropolar linkage) 
and consequently the magnitude of the zeta potential becomes solely a 
function of S. On account of the water shell, the centers of hydrated 
cations cannot approach the negative wall of the particle as closely as those 
of the smaller non-hydrated ions. Consequently ions with small crystal 
lattice radii but great effective sizes (hydrodynamic radii) widen the 
distance of the double layer and cause high potentials as demonstrated in 
figure 3. 


ZETA POTENTIAL AND IONIC EXCHANGE 

The mechanism of ionic exchange can be visualized as follows: Colloidal 
clay particles are plate-shaped crystals which hold on their surface adsorbed 
cations. Owing to heat motion and Brownian movement the adsorbed 
ions are not at rest but oscillate, and at times are at a considerable distance 
from the wall. If it so happens that on account of Brownian movement a 
cation of an added electrolyte slips between the negative wall and the 
positive oscillating ion, the electrolyte cation will become “adsorbed” while 
the surface ion remains in the solution as an exchanged ion. The more 
loosely an ion is held the greater is the average distance of oscillation and 
the greater is the possibility of replacement or, vice versa, the more tena¬ 
ciously an ion sticks to the surface the less readily it will be released by the 
cations of an electrolyte added to the colloidal system. The average 
distance of oscillation corresponds directly to the average thickness of the 
electric double layer, and on the basis of the picture outlined one would 
conclude at once that clays with high zeta potentials contain easily exchange¬ 
able ions. 

To test the validity of this conclusion it becomes necessary to learn the 
ease of replacement of the ions adsorbed on the clays listed in table 1. For 
this purpose data previously published were used which refer to the very 
same clay systems used in the present study. The release of the polyvalent 
cations was accomplished by addition of potassium chloride, while that of 
the monovalent cations was calculated from the exchange values with 
NH^-clay. Since potassium ions and ammonium ions are equally well 
adsorbed and released, the data permit quantitative comparison. 

According to figure 4 it is evident that ions which are easily released are 
also responsible for high zeta potentials. Lithium and sodium ions are 
loosely held, and about 70 per cent of them are exchanged by addition of 
an equal number of ammonium ions (symmetry concentration), while the 
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clays with low potentials (La-clay, Th-clay) have exchange values below 
20 per cent. The divalent cations occupy an intermediate position. 

Neglecting the wave-like shape of the curves, the general trend of the 
exchange-zeta potential relation is of parabolic nature as seen in figure 5. 
The relationship can be satisfactorily described by the equation 

E « 3.55.10~i®f« « (2) 

where E represents the percentage release of the adsorbed ion at 1 S con¬ 
centration, and f the zeta potential in millivolts. The curve rises in a 
very pronounced fashion, approximately as the sixth power of the potential. 




Fig. 4 Fig. 5 

Fig. 4. Release of Adsorbed Cations in Relation to Zeta Potential 
For example, release of lithium from Li-clay or barium from Ba-clay. Exchange 
expressed as symmetry values. 

Fig. 6. The Intensity of Ionic Exchange Increases Approximately as the 
Sixth Power of the Zeta Potential 

Note the indication of a maximum potential. Black points refer to release by 
calcium; the white points to exchange with potassium and ammonium. 

According to the strong adsorption of thorium the value of the zeta poten¬ 
tial of the Th-clay appears to be questionable. 

The curves in figure 5 further indicate that the ionic exchange is zero 
if the zeta potential is zero, in other words, the adsorbed ions are so tightly 
held that they become an integral part of the particle with a corresponding 
annihilation of the double layer. Inspection of the upper part of the curve 
is equally instructive. Since ionic exchange cannot exceed 100 per cent, 
the trend of the curve strongly suggests that the clay systems investigated 
possess a definite maximum potential which is slightly above 60 millivolts. 
These data can be taken as a confirmation of Hevesy^s concept (2) and 
also of Freundlich^s statement (1) that the potential of colloidal particles 
tends to stay below 100 millivolts. 
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ZETA POTENTULS IN RELATION TO FLOCCULATION* VALUES 

The contention of colloid chemists that the zeta potential bears a close 
relationship to the stability of a colloidal system is well illustrated by 
figure 6. A series of clays carrying equal amounts but different kinds of 
cations were flocculated with potassium chloride according to the method 
mentioned on pages 595-6. It takes much more electrolyte to flocculate a 
clay with a high potential than one with a low potential. The relation 
between the flocculation value and the zeta potential also is of parabolic 
form, showing that the stability increases many-fold with a slight rise in 
the zeta potential. To flocculate a clay with maximum potential, extra¬ 
polation would give a value of about 50 S, which corresponds to an electro- 



Fia. 6 Fig. 7 


Fig. 6. Flocculation of Mono- and Polv-clays by Potassium Chlokide 
The higher the initial potential of the colloidal particle the greater the floccula¬ 
tion value. The critical potential has a value of about 42 millivolts. 

Fig. 7. Flocculation Values of Various Cations in Relation to their Crystal 

Lattice Radii 

lyte concentration of 0.0326 N potassium chloride for the systems in 
question. 

The curve in figure 6 tends to cut the X-axis at a potential which is far 
above zero, and therefore is in accord with the concept of the critical 
potential, advanced by Powis (7). This value appears to correspond to 
about 42 millivolts for the type of experimental procedure applied. In 
confirmation of this magnitude, the methylene blue clay with a potential 
of 40.5 millivolts sediments completely without the addition of electrolyte. 

1 “Flocculation” and “coagulation” are used s 3 monymously in this paper. 
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FLOCCULATION VALUES AS AFFECTED BY CHARGE AND SIZE OF THE 
FLOCCULATING IONS 

Charge of ion 

The well-known flocculation rule of Schulze-Hardy, as formulated by 
Wetham (9), states that the reciprocal flocculation values expressed in 
moles follow the proportion 

litxn'.xnitxJv (3) 

where the Roman subscript denotes the valency of the flocculating ion. 
This rule is grossly violated in the case of clay systems (table 2). For 
NH 4 -clay and Ca-clay the average flocculation values for the mono- and 
poly-valent cations yield quotients of the form 


li: xn: 2.03xiii: 3.21xiv (NH4-clay) (4) 

li^xiii 1.76xni:3.14xiv (Ca-clay) (5) 

In other words, the polyvalent cations are much less effective coagulators 
than is indicated by the valency rule. For the two clay systems given, the 
order of magnitude of effectiveness is much better expressed by a propor¬ 
tion of the type 

11: Xn * 2xin: 3xiv (6) 

where the exponents of Wetham’s equation have become mere factors. 

Size of ion 

In figure 7 the flocculation values have been plotted against the crystal 
lattice radii of the corresponding ions, and it is clearly seen that for a given 
type of clay the flocculation value is higher as the size of the ion is smaller. 
The more highly hydrated a cation, the smaller is its efficiency as a 
coagulator. 

FLOCCULATION VALUES AND EXCHANGE ADSORPTION 

In the flocculation of ultramicrons, two important cases must be sepa¬ 
rated, First, the cation of the electrol 3 rte and the colloidal particles possess 
common ions only (e.g., K-clay + potassium chloride); secondly, the 
coagulation agent contains only foreign ions with respect to the particle. 
In the former case flocculation results from repression of the double layer 
(diminishing of 6). In the second case it constitutes a combination of 
ionic exchange and the repression phenomenon. 

In regard to the common ion effect the data in table 1 vary considerably 
for different clay systems. Since the osmotic pressures of dilute strong 
electrolytes of equal normalities vary but little, the great difference in the 
flocculation values must be attributed to the magnitude of the original zeta 
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potential rather than to the repression efficiency of the various salts. 
Indeed, the figures for the common ion effect are of the same order of 
magnitude as the potassium chloride-set values (table 1). 

Whenever the flocculating electrolyte contains a foreign cation, exchange 
adsorption is bound to occur. A comparison between the flocculation 

TABLE 2 


Relation between flocculation values and exchange adsorption 


SLECTROLYT12 

NH 4 -CLAT 

Ca-CLAY 

H-clay 

Flocculation 
value (S) 

Adsorption 

(S) 

Flocculation 
value (S) 

§ 

Flocculation 
value (S) 

Adsorption 

LiCl. 

8 0 

32.0 

4.8 

13 08 

2 9 

6.6 

NaCl. 

80 

33 5 

4 5 

12.74 

2.7 

6.2 

KCI. 

5 4 

51.33 

3 0 

28 80 

1.5 

14.5 

NH4CI. 

4.9 

50 

2.5 

29 35 

1.3 


RbCl. 

4.7 

62.56 

1 87 

43.85 

1.17 

28 20 

CsCI. 

2 8 

68.78 

1 17 

50 83 

0 73 

39 73 

HCl. 

0 98 

84.89 1 

0 55 

77.80 

0 36 

50 

MgCl,. 

1.22 

65.44 1 

0 59 

47 53 

0.47 

15.78 

C&Cls. 

1.27 

63.56 

0.55 

50 

0.47 

26.89 

BaCl,. 

1.16 

71 67 

0 55 

52 96 

0 35 

23 78 

La(NO,), . . 

0 90 


0 47 


0.18 i 


ThCh. 

0 75 

80 89 

0 36 

80 24 

0 16 




Fig. 8. Relation between Adsohbability op a Monovalent Ion and its 

Coagulating Power 

values and the ionic exchange data (table 2) points toward an intimate 
association of the two phenomena. For any specific clay system (NHr 
clay, Ca-clay, etc.) those ions which are poorly adsorbed yield high floccu¬ 
lation values, while cations easily taken in by the colloidal particle coagu¬ 
late the system at relatively low electrol 3 rte concentrations. The two 
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sets of values suggest a direct correlation which is of negative exponential 
t 3 rpe, and the experimental points satisfy the empirical equations 

Fv = T.iee-o o*®* (for Csrclay) (7) 

F, = (for H-clay) (8) 

where F, represents flocculation value and B the intensity of electrol 3 d;e 
adsorption expressed in terms of symmetry values. The reciprocal of the 
flocculation value can be taken as an index of the flocculation power of a 
cation, and the relation of the latter to the adsorbability of the ion is 
graphically represented in figure 8. The functions are of the form 

Fp = 0.140c» »“2* (for Ca-clay) (9) 

Fp = 0.284e« M«' (for H-clay) (10) 

where Fp represents the flocculating power and E the adsorbability (ex¬ 
change). For the sols tested, the coagulating effect of an ion increases 
exponentially with its adsorbability. The position of the various curves 
stresses the fact that for a specific ion its flocculative effect depends largely 
on the nature of the ion initially adsorbed. 

FLOCCULATION BY X-EAYS 

The sols listed in table 1 were subjected to x-ray treatment. Th-, La-, 
and H-clay flocculated after a dosage of 10,503 r units, while the di-clays 
required about double the amount. None of the mono-clays (except H- 
clay) showed any signs of sedimentation, even after a dosage of 20,503 r 
units. Zeta potentials of treated and untreated samples of Th-, Mg-, H-, 
and K-clays were measured, and it was observed that in every case the 
zeta potential was reduced in magnitudes varying from 3.2 to 7.8 per cent. 
Conductivity measurements failed to reveal the presence of significant 
amounts of coagulating electrolytes. It must be concluded that the 
efiBciency of x-rays in destrosdng the stability of the clay S 3 rstems depends— 
among other things—on the nature of the adsorbed cation. It appears 
that the x-rays directly modify the composition of the electric double layer. 

MECHANISM OF FLOCCULATION WITH SPECIAL REFERENCE TO THE RdLE 
FLAYER BY IONIC EXCHANGE 

The data secured in this investigation enables one to draw a rather 
detailed picture of the significance of ionic exchange in the problem of 
colloid stability. Hitherto, too much emphasis has been attributed to the 
behavior of the flocculating electrolyte alone, while the results reported in 
this paper indicate that the nature of the cations initially adsorbed on the 
colloid is equally important. 
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Every electrolyte coagulation is associated with an ionic exxhange reac¬ 
tion. Two specific cases of flocculation will be discussed. First, that of a 
clay system which contains adsorbed monovalent cations of a highly 
hydrated nature, and secondly, the behavior of particles carrying either 
non-hydrated monovalent cations or polyvalent ions. 

In the first case, which deals with clays containing highly hydrated 
monovalent ions (e.g., Na-clay), the zeta potential is high because the 
ions are but loosely held and oscillate over considerable distances. The 
effective width of the double layer is great (or, the degree of dissociation is 
high). Although the addition of sufficient amounts of any electrolyte will 
cause the system to settle out, the magnitude of the flocculation value is a 
function of the properties of the coagulating cation. If it is also mono¬ 
valent and strongly hydrated (e.g., Li+) the extent of ionic exchange will be 
moderate, in the neighborhood of 50 per cent. The zeta potential becomes 
but little altered and flocculation has to be brouglit about by the repression 
of the double layer (or, decrease in dissociation), which requires large 
amounts of electrolytes of the order of 15 to 20 S. 

An entirely different mechanism prevails if the cation of the added 
electrolyte is monovalent but not hydrated, as Cs"'", or polyvalent as 
La+++. Under such conditions, ionic exchange assumes a dominating 
influence. At symmetry concentration, from 75 to 95 per cent of the 
cations change places. The colloidal particle acquires an entirely new coat 
consisting of ions which arc strongly attracted by the inner layer, and as a 
result, the zeta potential drops sharply. Very little electrolyte is necessary 
to repress the new outer swarm of ions to the critical distance which is 
characteristic of the critical potential. The flocculation values are small, 
and of the order of 1 5. 

In regard to the second case, which embraces clays carrying non-hy¬ 
drated monovalent ions (Cs+-clay) or polyvalent cations (La+++-clay), 
the zeta potentials are low to begin with, because the oxygen and hydroxyl 
ions of the crystal lattice act as powerful adsorbents, and the average 
oscillation distance of the adsorbed ion is relatively small. Addition of 
electrolsrtes possessing hydrated monovalent cations (lithium chloride) 
will produce a modest exchange only (less than 25 per cent) which, never¬ 
theless, tends to raise the average distance of the double layer and conse¬ 
quently the zeta potential. The stability of the system is definitely 
augmented, but the repression effect of the electrolyte finally counter¬ 
balances the peptization due to ionic exchange and precipitation takes 
place. The flocculation values are of medium magnitude (2 to 10 S), but 
higher than the common ion values. 

If the coagulating cation is of similar nature to the one initially adsorbed 
(non-hydrated, or polyvalent), ionic exchange assumes again greater 
dimensions (about 50 per cent) without, however, greatly modifying the 
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zeta potential. Flocculation is accomplished mainly through repression 
(or decrease of ionization), which is effective at very low electrolyte concen¬ 
tration, often less than 1 S. 


BTJMHABY 

1. Zeta potentials of Putnam clay particles depend on the charge and 
size of the adsorbed ion. For rare gas type ions of equal size, the potential 
tends to be lower as the valency of the ion is higher. If the charge of the 
ion is kept constant, the potential is higher as the adsorbed cation (crystal 
lattice radii) is smaller. 

2. Colloidal particles with high potentials carry adsorbed ions which are 
easily exchangeable. The ease of replacement increases as the sixth power 
of the zeta potential. Data indicate the existence of a maximum potential 
which amounts to about 62 millivolts. 

3. The flocculation value of a given electrolyte increases potentially 
with the zeta potential. The critical potential was found to be 42 milli¬ 
volts. 

4. The valency rule of Schulze-Hardy is grossly violated in the case of 
clay systems. For monovalent cations the flocculation value is the higlier 
the smaller the size of the ion. 

5. The flocculating power of a cation is a positive exponential function 
of its ionic exchange ability. 

6. A detailed picture of the mechanism of flocculation in relation to ionic 
exchange is presented. 
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In a previous communication (5), White, Urban, and Van Atta reported 
a value of 2.24 X 10“' mhos for the specific surface conductivity of fused 
Pyrex glass, in a 5 X 10“‘ M potassium chloride solution. This value 
represented an average obtained from n.c. resistance measurements in a 
number of capillaries of known dimensions. Since the resistances of these 
capillaries were quite high, i.e., between 10*® and 10** ohms, determination 
of the resistance by means of a.c. was not considered feasible. 

In the present paper, surface conductivity measurements in Pyrex slits, 
carried out both with n.c. and a.c., are described. The slits were obtained 
by the simple expedient of cracking Pyrex flasks; the width of these slits 
varied between 0.6 and 16 p, in different flasks. 

DETERMINATION OF LENGTH AND THICKNESS OF THE SLITS 

The slit length was determined by means of a pantograph, the magnifi¬ 
cation being between 8 and 10. The thickness of the glass was measured 
with micrometer calipers, along the entire length of the slit. An average 
of these measurements was used for the thickness of the slit. 

After the resistance measurements had been completed, potassium 
ferrocyanide solution was sucked into the slit, which was then immersed 
in ferric chloride solution. Two parallel blue lines are seen where the slit 
is open; these indicate the top and bottom of the slit. In the very narrow 
slits, this method did not give satisfactory results, and the deposit of 
Prussian blue had to be formed by electrols^is. 

APPARATUS 

The resistance measurements were carried out in a water bath at 25.00 
±0.01“C. The Wheatstone bridge was a 5-dial Gray instrument, with 
coils accurate to 0.025 per cent. The a.c. current was supplied by a 
1000-cycle motor generator. The d’Arsonval galvanometer (d.c. measure¬ 
ments) had a sensitivity of 10“*® ampere. 

* The work reported in this paper has been aided by a grant made by the Rocke¬ 
feller Foundation to Washington University for research in science. 
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A.C. MEASUREMENTS 

Platinized platinum electrodes (one made of platinum gauze, the other 
one a perforated platinum disk) were equilibrated with the solution, and 
then placed one below and one above the slit. 

The absence of a Parker effect (2) is demonstrated by the constancy, 
within experimental error, of the cell constants. The behavior of slit No. 
1 is representative. The cell constants were 269.8 in 0.1 M potassium 

TABLE 1 


Specific surface conductivity in 5 X lO'* M potassium chloride 


SLIT NO. 

CBLL CONSTANT 

UDNOTH 

AVERAGB 
THICKNESS 1 

A.c. 

RESISTANCE 

A.c. SPECIFIC 
SURFACE 
CONDUCTIVITY 



cm. 

cm. 

n 

mhoa 

10 

3 344 

30.1 

0 078 

39,000 

4.1 X 10-“ 

11 

11 94 

22 6 

0.067 

108,800 

4.3 X 10““ 

8* 

71 00 

10.6 

0.125 

600,000 

3.6 X 10-“ 

7 

347 1 

8 0 

0 180 

1,680,000 

4 27 X 10-“ 


* The low value for the specific surface conductivity in slit No. 8 is believed to be 
due to insufficient washing with hot water. Six flasks not treated with hot water 
gave a value of 3.6 X 10"”“ mho with a.c. in 5 X 10~^ M potassium chloride. 


TABLE 2 

Specific surface conductivities at concentrations other than 6 X 10^* M potassium 

chloride 


CONCENTRATION OF KCl 

SPECIFIC SURFACE CONDUCTIVITY 

Slit No. 10 

Slit No. 11 

M 

1.25X10-^ 

0.52 

0.51 

2.5 X 10“^ 

0 60 

0.53 

5.0 X 10-* 

1 00 

1 00 

1.0 X 10-“ 

1.90 

1 94 

3.0 X 10-» 

4.72 

4 97 

1.0 X 10-* 

8.80* 



*This value was obtained with slit No. 13. 


chloride; 272.1 in 0.2 M potassium chloride; 270.2 in 0.5 M potassium 
chloride; 271.3 in 1.0 M potassium chloride; average, 270.8. 

Hot distilled water was sucked through the slits for several hours be¬ 
fore using; they were then equilibrated with solution, by sucking the latter 
through them for some time. Then the resistance measurements were 
carried out. 

The series was started with 1.25 X 10~* M potassium chloride and ended 
with 0.1 Af potassium chloride, unless the Parker effect was being investi- 
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gated. The slit was then treated with hot distilled water, again equi¬ 
librated with 1.25 X 10~^ M potassium chloride, and the series repeated. 
Good agreement was obtained. 

As a result of these measurements, we calculate a specific surface con¬ 
ductivity in 6 X 10~* M potassium chloride, of 4.3 X 10““® mhos. This is a 
weighted average, based on measurements in four slits. The data are 
summarized in table 1. 

The fraction of the total conductivity contributed by the surface was as 
follows: slit No. 10, 12.3 per cent; No. 11, 31.6 per cent; No. 8, 37.3 per 
cent; No. 7, 63.8 per cent. The width of the slits, calculated from cell 
constants, length, and thickness, is: slit No. 8, 16 m; No. 10, 8 fx; No. 11, 
3 m; No. 7, 0.6 fjL, The fact that specific surface conductivity is independ¬ 
ent of the width of the slit (table 1) is noteworthy. This indicates 
absence of membrane potentials.^ 


TABLE 3 

Apparent specific surface conductivities 


SLIT NO. 

APPARENT D.C. 
RESISTANCE CORUBCTED 
FOR LEADS 

CELL CONSTANT 

APPARENT D.C. 
SPECIFIC SURFACE 
CONDUCTIVITY 


ohms 


mhos 

10 

41,500 

3.344 

2 2 X 10~» 

11 

128,000 

11 935 

2 3 X 10“® 

8* 

726,000 

71.00 

1 9 X 10“» 

7 

3,000,000 

347 1 

1 3 X 10-» 


* See footnote to table 1. 


The A.c. specific surface conductivities at concentrations other than 6 
X 10“^ M potassium chloride, are given in table 2, for two slits. The 
specific surface conductivity in 5 X 10“^ M potassium chloride has been 
selected as reference and assigned the value of unity. 

D.C. MEASUREMENTS 

The D.C. surface conductivities, calculated from d.c. resistance measure¬ 
ments, may be expected to be lower than the a.c. surface conductivities. 
This is due to the existence of a counter e.m.f., the membrane potential, 
which simulates a greater resistance than actually exists.® 

The polarization to be expected at platinum electrodes was avoided by 
the use of calomel electrodes of large surface. The e.m.f. used was that 
of the calomel cell potential difference, or about 3 millivolts. The cells 
were prepared with 5 X 10*“^ M potassium chloride. 

The slit was placed between the calomel cells, and the deflection of the 
galvanometer in series was noted. Next the slit was removed, and a 

* The membrane potential is defined as a counter e.m.f. which occurs when an 
electrosmotic current flows through a slit or capillary (1). 
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known resistance of such magnitude placed in the circuit that the gal¬ 
vanometer deflection was exactly the same as before. The value of this 
known resistance is the apparent resistance of the slit. These readings 
could be duplicated several times in succession. The apparent specific 
surface conductivities were calculated from the apparent resistances, a.c. 
cell constants being used. The apparent specific surface conductivities 
are summarized in table 3. 

The average of the first three values is 2.13 X 10~* mhos, and agrees 
well, within experimental error, with the value of 2.24 X 10~* mhos found 
by White, Urban, and van Atta (5) with capillaries having a surface/ 
volume ratio of the same order, i.e., 8000. The low value for the apparent 
specific surface conductivity in slit No. 7 is due to the extreme narrow¬ 
ness (0.6 /*)• The surface volume ratio of this slit is 33,000. The smallest 


TABLE 4 

“True" D.c. resistances and specific surface conductivities calculated therefrom 
(5 X 10~* M potassium chloride) 


SLIT NO. 

A 

“trub” d.c. 

RESISTANCE 

B 

A C RESIST¬ 
ANCE 

C 

APPARENT D.C. 
RESISTANCE 

SPECIFIC SURFACE CONDUCTIVITY FROM 

A 

B 

c 

10 

11 

8* 1 

38,700 
108,000 ! 
597,000 

39,000 

108,800 

600,000 

41,500 
128,000 
726,000 1 

4.4 X 10-» 
4.6 

3 7 

4 1 X 10~» 

4 3 j 

3 6 

2.2 X 10~» 

2 3 

1 9 

BLIT NO. 

11 

ti 

Ex 

Ri 

Rs 

LEAD 

RESISTANCE 

10 

11 

8* 

scale dtvieione 

7.45 

4.1 

5 3 

scale dtvisions 

9 90 

5.4 

5.65 

volts 

0 0015 
0.0015 

0 0075 

ohms 

80,000 

100,000 

50,000 

ohms 

50,000 

50,000 

10,000 

ohms 

2,500 


* See footnote to table 1. 


capillary of White, Urban, and van Atta (4) had a surface/volume ratio 
of about 22,000, and its specific surface conductivity was found to be 1.55 
X 10“* mhos. 

This falling-off in apparent specific surface conductivity finds its natural 
explanation in the statement made by Bikerman (1) that the counter 
E.M.F. (membrane potential) increases with the surface/volume ratio. 

DETEKMINATION OF “TKUE” D.C. RESISTANCE OF SLITS 

li 

The “true” d.c. resistance of the slits was determined by means of an 
approximate method. 

If a small e.m.p. is applied to the slit, through a known resistance, it 
follows that 

ss: E Eml — ^pl 


( 1 ) 
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where i ~ current, 72, = resistance of slit, Ri = known resistance, E = 
applied e.m.f., == membrane potential, and Ep^ = electrode (polariza¬ 

tion) potential. Changing the known resistance to the value 

— Efn2 — Ep2 ( 2 ) 

Making the assumption that Emi + Ep^ ^ Em 2 + Ejn when the change 
in i is small, it follows that 

^iRa "i" '^iRl “ “4” i^R^ (3) 

from which 72, can be calculated when ii and i 2 are determined. These 
quantities are simply proportional to the galvanometer deflections. 

The “true” d.c. resistances obtained by this approximation method, 
and specific surface conductivities calculated therefrom, are given in table 
4. For comparison, the a.c. and apparent d.c. values are also included. 

DISCUSSION 

The agreement between apparent surface conductivities in slits and 
capillaries, of the same order of surface/volume ratio, indicates that there 
is no difference in the surface conductivity of fused and fractured glass 
surfaces, respectively. This conclusion finds further support in the findings 
of White, Monaghan, and Urban (4) on the influence of electrolyte con¬ 
centration on the ratio of electrosmotic and electrophoretic mobilities, and 
of Monaghan and White (3) that f-potential is the same at fused and 
unfused glass surfaces. 

Not too much weight should be attached to the ^^true^^ d.c. surface 
conductivity, as the closeness of the approximation is not known. If the 
^^truc^^ surface conductivity can be confirmed by a different method, then 
the inference would be justified that electrosmose is almost as pronounced 
with 1000-cycle a.c., as it is with d.c. 

summary 

1. Specific surface conductivities of Pyrex slits were determined with 
1000-cyclc A.c. (1.25 X 10 to 1 X 10“^ M potassium chloride) and with 
D.c. (5 X 10~^ M potassium chloride). 

2. The apparent d.c. specific surface conductivity is lower than a.c. 
surface conductivity. This is due to membrane potentials. 

3. The apparent d.c. specific surface conductivity of fractured glass 
agrees with that obtained previously in smooth capillaries. 
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Within the past few years it has become evident that the theoretical 
treatment of electrophoresis and electrosmosis of Helmholtz, Perrin, and 
von Smoluchowski must be considerably amplified. The expression 
developed by these authors is as follows: 

V = 

4:Trrj 

where V represents either electrophoretic or electrosmotic velocity, X is 
the applied field, D the dielectric constant, f the electrokinetic poten¬ 
tial, and y the viscosity of the medium. According to this formulation, 
the electrophoretic migration velocity of a particle through a given liquid 
should equal the velocity of flow of the liquid past a fixed surface of the 
same material as the particle, irrespective of the size or shape of the particle 
or the nature of the liquid, provided f remains constant. 

In 1924 Debye and Hiickel (10,16) published a new formula for electro¬ 
phoretic mobility, 

F_S 

~ Krr, 

in which K varies as the shape of the particle, having a numerical value of 
6 for spherical particles. However, Mooney (19) and Henry (15) pointed 
out that Debye and Htickel neglected to allow for the distortion of the 
electric field caused by the particle, a factor which is negligible only when 
the diameter of the particle g the thickness of the double layer. The von 
Smoluchowski formula is valid when the ratio of particle diameter to 
double layer thickness ^ 600. (Muller (20) misquotes Henry on this 
point.) For particles of about In diameter the Debye and Hiickel for¬ 
mula, according to Henry, should apply in pure water; in solutions more 
concentrated than JW/100 the von Smoluchowski formula applies, and in 
intermediate concentrations the factor K should vary between the limits 

611 
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set by the two fonnulas, i.e., between 6 and 4 for spherical particles. It 
will be shown later that under the influence of this effect the factor 6 is 
approached but never attained. 

A second consideration, the distortion of the charge distribution in the 
double layer caused by the imposed field, may also affect electrophoretic 
velocity. Miiller (20) points out that if the double layer is very thin, the 
disturbing effect of an applied field of the order of a few volts per centimeter 
is negligible, since the electric field of the double layer itself is over 1000 
volts per centimeter. However, if the double layer is very thick, the outer¬ 
most ions are in a weak field and hence may be influenced by the external 
E.M.F. Mfiller, assuming that this effect is analogous to the retardation of 
moving ions due to the asymmetrical surrounding field discussed by Debye 
and HUckel (9), concludes that electrophoretic velocity may be consider¬ 
ably diminished in dilute solutions because of this factor. However, no 
quantitative expression for this effect on the retardation of electrophoretic 
velocity is yet available, and indeed Mooney (18) speaks of polarization 
increasing the velocity of the particle, although this enhancing effect now 
seems improbable. 

Aside from these suggested amplifications of the Helmholtz-Perrin-von 
Smoluchowski formula, there is the further possibility that the f-potential 
of a small particle may differ from that of a flat surface. This may occur 
either by a change of charge density or of double layer thickness or of both. 

r - 

where <r is charge density and X is the effective thickness of the double 
layer. Following Muller’s treatment in Abramson’s paper (4) 

X — - 

«t 1 -1- itr 

where * is a function of ionic concentration and r is the radius of the parti¬ 
cle. According to this treatment tlie double layer thickness will vary 
significantly with r when kt ^ 5. This predicts a decrease of double layer 
thickness, of f, and of electrophoretic mobility with decreasing radius of 
particle. It also predicts that with increasing electrolyte concentration 
“the size effect is shifted to smaller radii or disappears.’’ 

The dependence of the adsorbed charge density on the radius of the 
particle is discussed by Abramson (4). According to his treatment the 
negative logarithm of the particle velocity should be inversely proportional 
to the particle radius. It may be pointed out that, unlike the influence of 
particle radius on double layer thickness, the influence of radius on charge 
density should operate in all concentrations up to that in which charge 
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density reaches its saturation value, which has been found by Abramson 
and Muller (7) to be for most materials at about Af/100 for ions not revers¬ 
ing sign of charge. Since, however, the vapor pressure is increased by only 
1 per cent above normal with droplets of 2/i diameter and by only 10 per 
cent with droplets of 20mM diameter, this effect will be negligible with 
particles in the microscopic range, if the analogy between vapor pressure 
and solution pressure holds. 

From the foregoing considerations it may be predicted (1) that in solu¬ 
tions more concentrated than ilf/100 electrophoretic velocity should be 
independent of the size and shape of the particle, except for extremely 
small particles, and should be numerically the same as electrosmotic 
velocity over a flat surface, and (2) that in solutions less concentrated than 
ilf/100, electrophoretic velocity may become less than electrosmotic veloc¬ 
ity. For a given solution the ratio, fi, of electrosmotic velocity to electro¬ 
phoretic velocity should increase as the radius of the particle decreases; 
for a given particle size, R should increase as the concentration of the solu¬ 
tion decreases. The absolute magnitude of R for a given particle size in a 
given solution cannot be predicted, but one should be able to demonstrate 
qualitatively that changes in R take place under the conditions indicated. 

Mooney (18) made the first experimental attempt to compare electro¬ 
phoretic with electrosmotic velocity on the same substance. He found 
that the mobility of oil droplets in distilled water increased with diameter. 
The diameter above which no further increase in mobility occurred was 
established in a later paper (19) as about lOOpe. The influence of droplet 
size on mobility was reduced or abolished by the addition of electrolyte. 
He compared electrosmotic with electrophoretic velocity in distilled water 
and in 4 X 10“^ M copper sulfate. In water the velocity of the small 
droplets was less than that of electrosmosis; that of the larger (about 40/i) 
was the same as or greater than electrosmosis. The finding of electro¬ 
phoretic > electrosmotic velocity is, even for the larger particles, probably 
in error. In the copper sulfate solution the velocities of all droplets were 
equal and almost as great as that of electrosmosis. Mooney (19) added 
further data and compared the experimental findings with the limiting 
slope of his theoretical mobility-diameter curve. In general, he found the 
expected correlation between mobility and droplet size in the less concen¬ 
trated solutions, while in the more concentrated solutions droplets of all 
sizes moved at approximately the same velocity, as predicted. However, 
a rather wide scattering of the experimental points and the anomalous 
effects mentioned by Mooney indicated the desirability of similar experi¬ 
ments on a more stable system. 

Aside from the work of Mooney there appears to be no direct experi¬ 
mental evidence in support of the theoretical predictions mentioned above. 
On the contrary, Abramson (4), after reviewing the experimental work of 



614 


WHITE, MONAGHAN AND tJBBAN 


himself and others, concludes that, when the surfaces compared are chemi¬ 
cally identical, (1) electrophoretic mobility is independent of particle size, 
and (2) electrophoretic and electrosmotic velocities are identical. How¬ 
ever, a further investigation of the data reviewed by Abramson brings out 
the fact that in practically every case experimental conditions were such 
that no size effect would be expected, i.e., either the solutions used were 
too concentrated or the range in particle size investigated was not suffi¬ 
ciently wide. For example, Abramson (2) found that protein-coated 
particles of microscopic size have the same migration velocity as the 
ultra-microscopic protein micelles investigated by Svedberg and Tiselius 
(23), and Abramson (3, 6) and Diunmett and Bowden (11) demonstrated 
that the migration velocity of protein-covered particles is the same as 
electrosmotic velocity on a protein-covered surface of zero or small curva¬ 
ture. Since, however, all of these observations were carried out in concen¬ 
trated solutions (usually M/50 buffers) it is evident that no differences in 
velocity would be expected. The same objection applies to the experi¬ 
ments of Hardy (14) on protein sols in JV/SO acetic acid, of Abramson (1) 
on blood platelets and their aggregates in plasma, of Freundlich and 
Abramson (12) on blood cells and their aggregates in serum, of Prideauxand 
Howitt (21) on egg albumin in M/50 buffer, of Abramson and Michaelis 
(6) on droplets of Nujol, castor oil, benzyl alcohol, and cocoa butter, bare 
and protein-covered, in electrolyte solutions, and probably also of Freund¬ 
lich and Abramson (13) on quartz particles in sugar solutions, since con¬ 
siderable electrolyte must inevitably have been added with the sugar. 
The observations of McTaggart on gas bubbles (17) in water are confined 
to bubbles so large (60 to 160/*) that the maximum velocity had probably 
already been attained by the smallest. Burton’s experiments with sub- 
microscopic silver sols (8) are not decisive, since there is little evidence 
that his variations in methods of preparation actually produced sols of 
different sizes. 

van der Grinten (24), whose data have been recalculated by Abramson 
(4), found the electrophoretic velocity of small particles of glass in distilled 
water to be very much less than electrosmotic velocity at a flat surface of 
the same glass. The value for R, as recalculated by Abramson, varied 
between 2.2 and 2.8. Abramson, however, dismisses this observation 
with a su^estion that the surface of a broken glass particle is probably 
chemically different from a fused or polished surface and hence would not 
be expected to have the same f-potential, and later (5) points to the meas¬ 
urements of Sumner and Henry (22) as evidence that when the glass sur¬ 
faces are identical, B is practically unity. Sumner and Henry, comparing 
the electrophoretic velocity of a fused glass cylinder with electrosmotic 
velocity on a flat glass surface, found an average value for R of 1.14. 
However, since these experiments were not performed in water, but in 10“* 



INFLUENCE OF ELECTROLYTE CONCENTRATION 


615 


M phosphate buffer, and the cylinder used was 20/x in diameter and 20 cm. 
long as compared with particles about 3 m in diameter studied by van der 
Grinten and by Abramson, it is evidently not necessary to suppose that the 
fused surface studied by Sumner and Henry was chemically different from 
the broken surfaces of van der Grinten and of Abramson in order to account 
for the difference in the value of R, 

In view of the fact that with the exception of Mooney's work there are 
no published experiments which furnish even a qualitative test of the late 
theoretical developments, it seemed desirable to compare the electro¬ 
phoretic mobility of small particles with electrosmotic velocity on a flat 
surface of the same material, over a wide range of concentrations, using, in 
place of the oil emulsion studied by Mooney, solid materials with more 
stable and easily equilibrated surface properties. It would, of course, be 
desirable to vary the particle size as well as the concentration, but this 
introduces great experimental difficulties, and hence has not been at¬ 
tempted in the present work. In the present paper observations on the 
value of 

^ __ /_ electrosmotic velocity on flat surface _\ 

” \electrophoretic velocity of particles 1~3m in diameter/ 

for protein surfaces, found by Abramson and others to be close to unity in 
concentrated solutions, will be extended to more dilute solutions, and those 
on the value of R for glass surfaces, found by van der Grinten and Abram¬ 
son to be greater than unity in water, will be extended to more concentrated 
solutions. 


EXPERIMENTAL 

All experiments were carried out in flat electrophoresis cells of the Nor- 
throp-Kunitz type. It has been shown by von Smoluchowski (25) that in 
such cells true electrophoretic velocity is obtained by observing the parti¬ 
cles at 0.211 of the distance from the bottom to the top of the cell. True 
electrosmotic velocity is the algebraic difference, particle velocity at wall 
minus particle velocity at 0.211 cell depth from wall, where movements 
toward anode and cathode are given opposite signs. When no movement 
occurs at the wall the value of R is unity. Since for the purposes of this 
investigation only the ratio of electrosmotic to electrophoretic velocity was 
required, the applied field strength was not determined; the voltage drop 
in any solution was, of course, the same for electrosmosis as for electro¬ 
phoresis (about 4 volts per centimeter). It was found necessary, in work¬ 
ing with unbuffered solutions such as we used, to increase the length of each 
side arm to about 20 cm. in order to avoid contamination of the cell con¬ 
tents from the electrode reactions. The glass powder was prepared by 
prolonged grinding of clean Pyrex tubing with a porcelain mortar and 
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pestle. A uniform suspension of any desired particle size can be prepared 
by fractional sedimentation; in the work reported here the diameter range 
was from 1 to 3 microns. The cell was illuminated through a dark field 
condenser and the particles observed through an ocular micrometer. 
There was no appreciable drift while the circuit was broken. Each re¬ 
corded velocity is the average of five observations in each direction. 

A concentration of 0.D1 g. of gelatin per liter was found adequate to coat 
completely the glass particles, as evidenced by the fact that the isoelectric 
point of the coated particles was the same as that of the gelatin (pH 4.75). 
The same concentration is sufiicient to coat the cell also (as evidenced by 
the fact that electrosmosis reverses at the gelatin isoelectric point), if this 
solution is passed through the cell slowly for approximately an hour. We 
thus confirm the finding of Abramson (2) and of Dummett and Bowden 
(11) that tliLs procedure is adequate to insure complete coating. Since 
this concentration is probably about the minimum which will give a com¬ 
plete (joating to the cell in a reasonable time, it was considered better to 
use 0.1 g. per liter for the present experiments. This solution was passed 
through the cell slowly for an hour before readings were begun. The salt 
concentrations investigated were all made up in 0.1 g. per liter gelatin solu¬ 
tions, and each solution remained in contact with both particles and cell 
for a 15-minute period before observations were begun. 

It is necessary that the cell be carefully cleaned in order that normal 
electrosmosis be exliibited. The criterion adopted of a normal electro- 
kinetic potential at the cell wall was that the electrosmotic velocity in 
distilled water without protein be at least 2.5 times the electrophoretic 
velocity with glass particles 1 to 3m in diameter. In practise, this ratio 
varied between 2.6 and 3.1,—a range of values which is consistently 
obtained with proper cleaning. The ratio for gelatin-covered surfaces in 
distilled water ranged from 1.9 to 2.3. These rather wide variations in the 
value of R in water and very dilute solutions are probably to be ascribed to 
differences in electrolyte content of different samples of distilled water, or, 
in the absence of protein, to variations in the electrical properties of the 
cell wall, or to both. 

Table 1 contains the results of experiments with bare Pyrex surfaces in 
varying concentrations of potassium chloride. These observations were 
carried out in a flat Pyrex cell. The sign refers to the pole toward which 
the particles were moving. Since in potassium chloride the particles are 
always negatively charged, they move always toward the anode at 0.211 
of the distance from the wall. As previously stated, the velocity at this 
level represents true electrophoretic velocity, Vp. Since, at the bottom 
of the cell, the particles moved always in the opposite direction if they 
moved at all, electrosmotic velocity, F*, is the numerical sum of the ob¬ 
served velocities at the tw o levels. The absolute magnitude of Vp and Vt 
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in these experiments is not of quantitative significance, since the field 
strength may vary slightly from one solution to the next, but the value of 
R is independent of field strength. 

Similar data for gelatin surfaces are given in table 2. No attempt was 
made to maintain a rigidly constant pH, since the value of R is independent 
of pH; however, there was no great variation in pH among the different 
solutions. Table 2 also shows that the same values for electrosmotic veloc¬ 
ity are obtained by observing the particles at the wall as by the use of the 
equation 7e == 2(Fi — F;,). 

Similar observations on both bare glass and gelatin-coated surfaces in 
contact with thorium chloride are recorded in tables 3 and 4. The tetra- 
valent thorium ion reverses the sign of charge on glass; the isoelectric 
concentration for electrosmosis and electrophoresis is approximately 
3 X 10“® M, At concentrations near the isoelectric point, the value of R 
is likely to show irregular variations, but at concentrations other than iso¬ 
electric, R approaches unity as the concentration increases. 

TABLE 1 


Electrophoretic and electrosmotic velocities on bare Pyrex surfaces in potassium chloride 


MOLAR KCl 
CONCENTRATION 

mpeksbcond 

AT 0 211 FROM 
BOTTOM ^ Vp 

p. PER SECOND 

AT BOTTOM 

V, 


HaO 

+9 7 

-16 4 

26 1 

2 69 

5 X 10“-» 

4-9 9 

-11 5 

21 4 

2 16 

5 X 10-* 

4-8 5 

-5 9 

14 4 

1.69 

1 X 10-’ 

4-9 0 

-4 3 

13 3 

1 48 

1 X 10-2 

4-7.9 

0 

7.9 

1.00 


Thorium chloride in unbuffered solutions also reverses the sign of charge 
of gelatin (probably largely a pH effect) at concentrations between 1 and 
2 X 10“® M, Here again the isoelectric point is the same for the particles 
and the cell, additional evidence that all surfaces arc completely coated 
with protein. 


DISCUSSION 

The data show that the unqualified statement that electrophoretic 
velocity equals electrosmotic velocity provided identical surfaces are used 
is not correct. The equality holds only in relatively concentrated solu¬ 
tions. Conversely, the view that the electrophoretic velocity of unfused 
bare glass particles must be different from the electrosmotic velocity at a 
fused flat surface is not correct; the velocities are different in dilute solu¬ 
tion (which is also true for protein-covered surfaces) and become the same 
in relatively concentrated solutions. At a concentration between lO”® and 
10“® M the velocities become equal with both bare and protein-covered 
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TABLE 2 


Electrophoretic and electrosmotic velocities on gelatin^coated glass surfaces in 
potassium chloride 0A g. of gelatin per liter 


MOLAR KOI 
CONCENTRATION 

fl PER SECOND 

AT 0.211 PROM 
BOTTOM *» Vp 

U PER SECOND 

AT BOTTOM 

r. 


H 2 O 

+5.38 

-5.50 

10.9 

2 02 

5 X 10~® 

+6.03 

-3.79 

8 82 

1.75 

6 X 

+4.78 

-1 47 

6.25 

1.31 

1 X 10*-* 

+3.89 

-0.81 

4 70 

1.21 

1 X 10-2 

+2.08 

0 

2 08 

1.00 


Comparison of two methods for obtaining electrosmotic i>elocity 


MOLAR 

KCI 

CONCEN¬ 

TRATION 

LEVEL IN CELL 

mper 

SECOND 

Vp 

Fo 

AVER¬ 

AGE 

TOP 

AND 

BOTTOM 

V, 

iVo - Vp) 

V, 

2(7* - Vp) 

V, 

AVER¬ 

AGE 

-k 

H2O 

Top 

0 211 from top 
Middle 

0.211 from bottom 
Bottom 

-5.74 

+7.94 

+15.1 

+7,36 

-5.74 

+7.65 

-5.74 

13.4 

14.9 

14 2 

1.86 

10“* 

Top 

0.211 from top 
Middle ; 

0 211 from bottom 
Bottom 

1 

-5.71 

+8.44 

+14,5 

+7.52 

-5.80 

i 

+7.98 

-5 76 

i 

13.7 

13.0 

1 

13.3 

1.67 

10-< 

Top 

0.211 from top 
Middle 

0.211 from bottom 
Bottom 

-4.57 
+8.62 
+14 5 
+7.78 
-5.21 

+8.20 

-4.90 

13.1 

12.6 

1 

12 85 

1.57 

10“» 

Top 

0.211 from top 
; Middle 

0.211 from bottom 
Bottom 

+6.43 
+10 0 
+6.27 
-1.58 

+6.35 

-1.58 

7.9 

7.3 

1 

7.6 

1.20 

10-2 

Top 

0.211 from top 
Middle 

0.211 from bottom 
Bottom 

0 

+3.70 

+5.26 

+3.33 

0 

+3.52 

0 

3.52 

3.48 

3 50 

0.99 


surfaces; at lower concentrations electrosmotic velocity is greater than 
electrophoretic. The findings are in accord with the theoretical points 
discussed in the first part of the paper. 
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We may consider briefly the various factors which might be responsible 

_ , , ^ ^ electrosmotic velocity 

for the departure from unity of the ratio —;;-r—i:-;—rr"- In the 

electrophoretic velocity 

discussion the dielectric constant and viscosity are assigned normal values. 

The maximum variation in due to variation in K between 4 and 6 
as determined by variations in the ratio of particle radius to double layer 
thickness, could be only between 1 and 1.5, as discussed by Henry (15). 
Since we have observed R as great as 3.2, this factor alone cannot explain 
the findings. Moreover, it can be shown that K can never become as 
great as 6. Henry states that K = 6 when double layer thickness, X, 


TABLE 3 

Electrophoretic and electrosmotic velocities on Pyrex surfaces in thorium chloride 


In this series the long side arms on the electrophoresis cell had not yet been 
introduced, hence the field strength was greater 


MOLAR ThCU 
CONCENTRATION 

H PER SECOND 

0 211 FROM 
BOTTOM — Vp 

M PER SECOND 

AT BOTTOM 

Ve 

«-r; 

HjO 

4-16 9 

-34.0 

50 9 

3 01 

1 X 

+14 1 

-27.8 

41 9 

2.99 

1 X 10-^ 

-21 4 

+10 0 

31 4 

1.47 

1 X 10-3 

-28 7 

0 

28 7 

1.00 

1 X 10-3 

-23 6 

0 

23 6 

1.00 


TABLE 4 

Electrophoretic and electrosmotic velocities on gelatin surfaces m thorium chloride 

0.1 g, of gelatin per liter 


MOLAR ThCU 
CONCENTRATION 

M PER SECOND 

0.211 FROM 
BOTTOM Vp 

ft PER SECOND 

AT BOTTOM 


'-f: 

HaO 

+5.80 

-7 60 

13 4 

2 31 

1 X 10-* 

+6 14 

-6 26 

12 4 

2.02 

1 X 10-* 

-13.3 

+2 9 

16 2 

1.22 

1 X 10-3 

-10.8 

+1.7 

12.5 

1.16 

1 X 10-3 

— 

0 

— 

1 00 


equals particle diameter. However, it is not permissible to substitute - 

for X when kt < 5, according to Muller’s treatment (4). Thus, according 

1 

to Henry, K = G with a particle of 1 m diameter in pure water, since — = 
1m. But according to the equation 

1 w 

X = - r;—;- 

1C 1 + Kr 

(r = particle radius), X is not identical with ~ but equals 3.3 X 10~‘ cm. 



620 


WHITE, MONAGHAN AND GHBAN 


The condition that X equals particle diameter can never be attained, since 
when X = r, K = 0, i.e., in any solution possessing a finite ionic strength, 
X < r. Thus K must always be less than 6 even with the smallest particles 
in dilute solutions, although it can become 4 with large particles in more 
concentrated solutions, and the operation of this effect can vary R only 
between 1 and something less than 1.5. 

This leads to consideration of the effect of particle size on X, and there¬ 
fore on {■ and on electrophoretic mobility. According to the equation 

^ _ I Kr 
~ K 1 + icr 

X becomes significantly less than its normal value of — when kt ^ 5. For 

electrosmosis at flat .surface (r = «), X = Substituting for X in the 
condenser equation 



(ff = charge density, X = double layer thickness) for electrosmosis, and 

T 

^ for X for electrophoresis, it follows that the ratio of electrosmotic 

1 KT 1 

to electrophoretic mobilities equals—^— or ~. For distilled water at 

25‘’C., with an estimated ionic strength of 1 X 10~* and a particle of Ifi 
radius, k = 3.25 X 10^, icr = 3.25, and the ratio = 1.31. In other 
words, electrophoretic mobility, dtie to the operation of this factor alone, 
should be 24 per cent lower than electrosmotic or than the electrophoretic 
mobility of a particle large enough to escape this effect, or than the electro¬ 
phoretic mobility of a particle of l;x radius in a solution strong enough so 
that (cr > >5. In a 5 X 10“* M potassium chloride solution (ionic strength 
= 5 X 10~'), K = 2.3 X 10*, Kr = 23.5, and the ratio = 1.04. The ratio 
drops to 1.01 or less, with unity as a limit, in solutions with ionic strength 
of 5 X 10“* or greater. In pure water, with a theoretical ionic strength 
of 1 X 10“^ K = 1 X 10*, Kr = 1, and the ratio becomes 2. It is thus 
seen that the limiting, and in practise unattainable, value of the ratio for 
a particle of l/i radius is 2; for smaller particles the ratio in water of 
ionic strength 1 X 10~’ could exceed 2. Under the conditions of our 
experiments the effect of this factor alone is practically negligible with all 
solutions other than distilled water; with smaller particles the effect should 
become prominent in solutions of ionic strength* greater than 1 X 10“*. 

* A point which seems obscure may be mentioned here, k is obtained (9) by a 
series expansion involving 

/_** + 51 ^ 

kt ^ ^ kt J 
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The third factor, the influence of particle size on charge density and 
therefore on f, may be dismissed, since f could be changed by only 1 per 
cent with a particle of 2/x diameter. 

The fourth factor, polarization of the double layer, must be invoked to 
account for the higher values of R we have obtained. The maximum 
combined influence, as seen in water with an estimated ionic strength of 
1 X 10“*, of the first three factors just discussed may be estimated to raise 
R to not more than 2; further retardation of electrophoretic below electros- 
motic mobility in water may be ascribed to polarization of the double layer 
by the impressed field, and this latter factor apparently is the predominant 
one in any solution of ionic strength greater than 1 X 10“® with particles 
as large as 2/i diameter. This is contrary to the suggestion of Mooney (18) 
that such polarization might enhance mobility. A retarding effect seems 
to us the more probable. 


SUMMARY 

The influence of electrolyte concentration of medium on the ratio of 
electrosmotic to electrophoretic velocities with bare glass and gelatin- 
covered particles of 1 to S/i diameter has been investigated. The ratio is 
unity with either type of surface with a concentration between 10“® and 
10“* Af and at all higher concentrations. With lower concentrations the 
ratio increases progressively with decreasing concentration, reaching 
values above 3 in distilled water. A discussion of various factors which 
may contribute to this result is given. 

The work reported in this paper has been aided by a grant made by the 
Rockefeller Foundation to Washington University for research in science. 


where all except the first two terms are neglected, giving —2“. This approximation 

t<l' ** . . 

is justified only when ^ < 1, which is true only when f or f < 25 millivolts. Never- 
let j 

theless, when double layer thickness, X, is calculated as ~ for 5 X 10''“* M potassium 

chloride at a plane glass surface at 20'’C., where f * 120 millivolts, a value of X = 
1.47 X 10~* cm. is obtained. We have recently obtained a specific surface conduc¬ 
tivity value of 4.27 X 10mhos for 5 X 10~^ M potassium chloride at a plane glass 
surface. From this one finds 1.8 X 10'* ions adsorbed per cm.® of surface. If one 
substitutes the value of i*, potential, and <r, electric charge density at surface, cor¬ 
responding to » 120 millivolts and ions per cm.® « 1.8 X 10'*, in the condenser 
equation 



one obtains X « 1.19 X 10"“* cm. This is an experimentally obtained value and is 
subject to no restrictions other than those of experimental error. In view of the 
above-mentioned restrictions implicit in »c, this correspondence seems surprisingly 
close. 
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INTRODUCTION 

More than a century ago attention was directed to the phenomenon of 
adsorption as an explanation for the phenomenon of catalysis, and the 
unsaturated forces at solid surfaces were believed to be the real origin of 
both phenomena. During recent years an intensive study has brought 
to light the close connection in many cases between catalysis and the 
specific nature of adsorption (8). In marked contrast to inert adsorbents, 
metallic catalysts seem to have a definite saturation capacity for certain 
gases. In the case of the adsorption of hydrogen on nickel this saturation 
capacity is reached at low pressures (2). 

It has been shown that the activity of a catalyst and its adsorptive 
capacity are greatly affected by the method of its preparation. As it is 
practically impossible to prepare two catalysts which are exactly alike, it 
seems very important that adsorption measurements and a study of 
catalytic activity be made on the same catalyst under the same conditions. 

The first work of this nature is that of Pease (5), who has studied the 
catalytic combination of ethylene and hydrogen on copper by measuring 
the reaction rate and the adsorption isotherms of the reactants and the 
product, using the same catalyst for all the measurements. Since then 
there has been very little work of this kind, although there have been 
numerous investigations of the adsorption of various gases by several 
metals which presumably were active catalysts. The metals, which have 
been used commonly, have been prepared by reducing their oxides with 
hydrogen. 

Metals may be prepared from their amalgams by distilling off the 
mercury but, so far as the writer is aware, no investigation of the catalytic 
activity of finely divided metals prepared in this way has been undertaken. 
Preliminary experiments had shown that metals prepared from the amal- 

^ From the dissertation submitted by E. G. Insley to the Faculty of Philosophy 
of The Johns Hopkins University, in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy, June, 1932. 
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gams are active catalysts; therefore it seemed that it would be interesting 
to study metals prepared in this way. 

The hydrogenation of ethylene was selected as the reaction to investigate 
in connection with these catalysts, and for several reasons. It is a simple 
reaction, with no side reactions, and it goes to completion. The reactants 
and the product are reasonably stable, and the course of the reaction may 
be followed conveniently by measuring the decrease in pressure, the 
volume remaining constant. 

According to Sabatier (6), the hydrogenation of ethylene occurs at the 
surface of nickel, cobalt, copper, and iron at temperatures about 150®C. 
Recently it has been shown that this reaction takes place at a readily 
measurable rate at 0°C. It was decided to measure the velocity of this 
reaction at 0°C., and to determine the adsorption isotherms of hydrogen, 
ethylene, and ethane at 0®C. on each of the above metallic catalysts pre¬ 
pared from their amalgams. Furthermore it seemed that it would be 
interesting to compare the catalysts prepared from the amalgams with 
those prepared from the oxides. Accordingly metallic catalysts, prepared 
by reducing the oxides with hydrogen, were studied in the same manner 
and under the same conditions as those prepared from the amalgams. 

After completing the work outlined above it was decided to measure the 
adsorption of hydrogen on nickel at higher temperatures. 

APPARATUS AND EXPERIMENTAL PROCEDURE 

The adsorption apparatus (figure 1) was a modified form of the type of 
apparatus used by Bennett (1) in the adsorption of carbon dioxide on oxide 
catalysts. The manifold of the apparatus was connected through a 
mercury cut-off and a trap to a mercury vapor pump, which was backed 
by a Hyvac oil pump. The trap was at all times immersed in a bath of 
solid carbon dioxide and alcohol. The manometers and the cut-off were 
connected through traps to leveling bulbs. The mercury used for these 
had been purified by acid washing and distilling in the usual manner. 

The bulb B, used to measure the hydrogen admitted to the catalyst, was 
calibrated, surrounded by a water jacket, and sealed in the system so that 
it could be connected either to the hydrogen reservoir or to the catalyst in 
bulb A. A three-way stopcock S was inserted so that gases other than 
hydrogen could be admitted from a gas buret. 

Materials 

Recrystallized Baker^s c. p. salts were used as the source of the metals. 
The mercury used in forming the amalgams was prepared by decomposing 
Baker’s c. p. mercuric oxide. The hydrogen used in these experiments was 
prepared by electrolyzing a 15 per cent solution of sodium hydroxide 
between nickel electrodes. It was passed through a trap surrounded by 
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solid carbon dioxide to remove most of the water carried over from the 
generator, then over glowing platinized asbestos to remove traces of 
oxygen, and finally through a long spiral immersed in liquid air to remove 
traces of water. It was stored in a 2-liter balloon flask. The ethylene 
was the compressed gas prepared especially for anesthesia by the Kansas 
City Oxygen Gas Company of Baltimore. The ethane was obtained from 
the Matheson Company of East Rutherford, N. J. Both the ethylene 
and ethane were passed through a long U-tube surrounded by solid carbon 
dioxide to remove any condensible material. Each of these gases was 
admitted to the catalyst by means of a water-jacketed gas buret. 



The metals studied were iron, cobalt, nickel, and copper. Each metal 
was prepared both from the oxide and the amalgam. The metals prepared 
from the oxides are referred to as No, 2. Metals referred to by other 
numbers were prepared from the amalgams. The oxides were reduced in 
the adsorption bulb by hydrogen for twenty-four hours at the following 
temperatures: copper No. 2, 200®C.; cobalt No. 2, 390®C.; iron No. 2, 
390®C.; nickel No. 2, 276®C. 

The amalgams were prepared essentially according to the method given 
in Smithes Electrochemistry for the electrol 3 rtic determination of metals 
using a mercury cathode. About 10 cc. of mercury was put in the cell 
and connected by a platinum wire in the side arm to the negative side of a 
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14-volt D. c. line. A solution of the sulfate of the metal, acidified with 
sulfuric acid, was added to the cell (figure 2), and a platiniun anode was 
then suspended in the solution. In the case of cobalt, iron, and nickel the 
double ammonium sulfates were used. After the amalgam had been 
formed, the current was left on, the solution siphoned out, and the amalgam 
washed with distilled water. Then the amalgam was transferred to the 
adsorption bulb in the presence of oxygen-free nitrogen, the inlet sealed, 
and the system evacuated. 



Fig. 2. Apfaratvs fob Pbkpabing Amalgam 
By means of valve F the amalgam is rvm into bulb C. Then, closing gum tubing 
D and removing glass tubing £, the amalgam is transferred to bulb A of the adsorp¬ 
tion system. The amalgam is protected by oxygen-free nitrogen. 

The capillary tube leading from bulb A (figure 1) was electrically heated 
by nichrome wire, an electric furnace was placed about bulb A, and the 
mercury was distilled into trap V. When practically all the mercury had 
distilled over, the bulb and trap were rotated as a unit about joint J as an 
axis; the mercury ran down into bulb E. In this way it was possible to 
remove the mercury from the adsorption system without breaking the 
vacuum. The last traces of mercury were removed by immersing the trap 
V in a bath of solid carbon dioxide and ether, and heating the metals to the 
following temperatures: copper No. 1, 170°C.; cobalt No. 1, 185®C.; iron 
No. 1, 220®C.; nickels No. 1, 3, and 4,170®C.; nickel No. 6,170®C. The 
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evacuation was continued until the pressure became as low as 1 X 10""® to 
1 X 

Calibration and method of adsorption measurements 

With the adsorption bulb empty, the apparatus was evacuated and bulb 
A was immersed in a bath of finely shaved ice and distilled water. In all 
experiments the trap V (figure 1} was immersed to the same depth in a 
bath of solid carbon dioxide and ether. The temperature, as shown by a 
pentane thermometer, was — 81°C. and was kept very nearly constant by 
adding small quantities of solid carbon dioxide from time to time. 

Keeping stopcock P closed and the mercury level in manometer M 
(figure 1) near the height K, hydrogen was admitted to bulb A from bulb 
B. Knowing the temperature of the gas, the volume of bulb B, and the 
change in pressure in bulb B, the volume of hydrogen admitted to bulb A 
could be readily calculated. After adjusting the mercury level in manom¬ 
eter M to exactly the height K, the pressure M was measured. In the 
same manner a number of pressures M, corresponding to various quantities 
of hydrogen, were measured. When these volumes were reduced to 0°C. 
and 760 mm. pressure and plotted against the pressures, M, a straight line 
was obtained from which could be read the calibration volume correspond¬ 
ing to any desired pressure. 

In an adsorption measurement the \^olume of gas admitted to the catalyst 
was corrected for the volume of gfis displaced by the metal. This volume 
was calculated from the known w^eight and density of the metal. This 
method of calibration was used by Nikitin (4) in a study of the adsorption 
of carbon dioxide on metallic iron, cobalt, and nickel. In the case of 
nickel No. *5 the system was also calibrated using purified helium. The 
two calibrations checked within 0.01 cc., which is w ithin the experimental 
error. 

After the catalyst had been prepared and evacuated as described above, 
a small quantity of hydrogen w^as admitted to the catalyst, the pressure M 
was measured, and the volume reduced to standard conditions as described 
in connection w ith the calibration above. Then by subtracting from this 
reduced volume the volume of gas required to give the same pressure in the 
calibration of the system, the volume of gas adsorbed is obtained. By 
making a series of pressure measurements, M, corresponding to increasing 
amounts of gas, the adsorption isotherm could be readily determined. 

The adsorption at 0®C. of hydrogen, ethylene, and ethane on each metal 
was measured. In each case, immediately after determining the adsorp¬ 
tion of hydrogen on the metal, ethylene was admitted to the catalyst in an 
amount approximately equal to that of the hydrogen present. Then the 
rate of hydrogenation w^as obtained by measuring the rate of decrease in 
pressure in the system. After evacuating the catalyst, the adsorption of 
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ethylene was measured, and similarly the adsorption of ethane was meas¬ 
ured. Before each adsorption measurement, the catalyst was outgassed 
in the same manner as was used to prepare the metal for the adsorption of 
hydrogen. In the case of nickels No. 4 and 6 only the adsorption of hydro¬ 
gen was studied. 

In preparing nickel No. 5 the amalgam was evacuated before being 
heated. After driving off the mercury, the adsorption of hydrogen on the 
metal was measured at 0®C. Then the nickel was evacuated at 100®C. 
and the adsorption and desorption of hydrogen at 99.6°C. was measured. 
Then the metal was evacuated and the adsorption at 0°C. redetermined. 
After the sjrstem had apparently reached equilibrium the bulb containing 
the metal was slowly heated, keeping the same amount of hydrogen in the 
system, and pressure measurements were taken at various temperatures up 
to 150®C. At each of several different points the temperature was kept 
constant, and pressure measurements were taken until the system had 
apparently reached equilibrium. 

EXPERIMENTAL RESULTS 

The larger part of the results will be presented graphically and the 
corresponding tables omitted. A brief description of the results, obtained 
from each metal studied, will be given. 

Copper. Neither of the catalysts adsorbed a measurable quantity of any 
of the gases. Copper No. 2 catalyzed the hydrogenation of ethylene at a 
readily measurable rate (figure 3), but copper No. 1 was completely in¬ 
active. 

C(Mi. Cobalt No. 2 showed a much higher adsorption of all the gases 
(figure 4), but both catalysts were equally effective in catalyzing the 
reaction (figure 5). 

Iron. The quantities of gases adsorbed by both catalysts were small 
(figure 6), the adsorption of ethylene on iron No. 2 being the largest. Iron 
No. 2 was a much better catal}^t for the reaction than iron No. 1 (figure 7). 

Nickel. No nickel catalyst prepared from the amalgam adsorbed a 
measurable amount of any of the gases. Nickel No. 2 adsorbed a compar¬ 
atively lai^ge quantity of hydrogen and ethylene (figure 8). As is shown in 
figure 9, nickels No. 1, 2, and 3 displayed the same activity in catalyzing 
the hydrogenation of ethylene. 

Nickel No. 5 adsorbed a large amount of hydrogen at 99.6®C. as is shown 
in figure 10. When the adsorption at 0®C. was repeated it was found to be 
very small. Keeping the hydrogen, which was admitted at 0®C., in the 
system and slowly heating the catalyst, it was found that the pressure 
began to decrease between 50® and 60®C. The measurements at a series 
of temperatures between -80® and 160®C. are given in table 1 in the order 
in which they were obtained. 
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Fig. 3. Hydrogenation of Ethylene by Copper Catalysts 
Curve 1, copper No. 1 from the amalgam; Curve 2, copper No. 2 from the oxide 


5 



Fig, 4. Adsorption by Cobalt Catalysts 
Cobalt No. 1 prepared from the amalgam; cobalt No. 2 prepared from the oxide. 
1, hydrogen on cobalt No. 1; 2, hydrogen on cobalt No. 2; 3, ethylene on cobalt 
No. 1; 4, ethylene on cobalt No. 2; 6, ethane on cobalt No. 1; 6, ethane on cobalt 
No. 2. 
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Fig. 5. Hydrogenation of Ethylene by Cobalt Catalysts 
1, cobalt No. 1 from the amalgam; 2, cobalt No. 2 from the oxide 



Fig. 6. Adsorption by Iron Catalysts 
Iron No. 1 from the amalgam; iron No. 2 from the oxide. 1, hydrogen on iron 
No. 1; 2, hydrogen on iron No. 2; 3, ethylene on iron No. 1; 4, ethylene on iron No. 2; 
5, ethane on iron No. 1; 6, ethane on iron No. 2. 
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DISCUSSION 

Adsorption and reaction rates at O^C. 

The adsorption of hydrogen, ethylene, and ethane on the catalysts was 
in general of the same nature as found by other workers. In the case of the 
copper catalysts, prepared from both the amalgam and the oxide, and the 
several nickel catalysts, prepared from the amalgams, the adsorption of 
the gases was much too small to be accurately measurable. In the case of 



Fig. 7. Hydrogenation of Ethylene by Iron C'atalysts 
1, iron No. 1 from the amalgam; 2, iron No. 2 from the oxide 


the other metals studied the amounts of hydrogen and ethylene adsorbed 
became practically independent of the pressure at fairly low pressures. 
The amount of ethane adsorbed was approximately proportional to the 
pressure. 

All the metals studied, with the exception of copper No. 1, catalyzed the 
hydrogenation of ethylene at 0®C. at a readily measurable rate. Copper 
No. 1 gave practically no reaction even on standing as long as twenty-four 
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hours. This is consistent with the results of Pease (6), who found that 
mercury poisoned a copper catalsrat so that the hydrogenation of ethylene 
proceeded very slowly and that this poisoning effect was permanent. It 


TABLE 1 

Adsorption of hydrogen on nickel no. 5 


NO. 

TEMPBBATURE 

VOLUME ADSORBED 

(0»C..760mm.) 

PBESSURB 

i 

“C. 

oc. 

mm. 

1 

0.0 

0.02 

20.2 

2 

. 72.4 

3.15 

0.0 

3 

72.4 

3.40 

19.9 

4 

99.5 

4.04 

15.7 

5 

150.0 

4.06 

16.2 

6 

0.0 

4.22 

12.3 

7 

0.0 

4.23 

12.4 

8 

-80.0 

4 30 

10.0 

9 

99.5 

4.16 

14.6 

10 

150.0 

4.06 

16.2 

11 

150.0 

4.13 

57.3 


Equilibrium had not been reached when measurements No. 3 and 4 were taken. 
Between readings 6 and 7 the catalyst was kept at room temperature (26^0.) for 
twenty-six hours. No. 8, no change in adsorption on standing five hours. No. 10, 
no change in adsorption on standing ten hours. More hydrogen was admitted 
between Nos. 2 and 3 and between Nos. 10 and 11. 


I 



Fig. 8. Adsobption by Nickel Catalysts 
Adsorption by nickels No. 1 and 3 (from the amalgam) negligibly small. Adsorp¬ 
tion by nickel No. 2 (from the oxide): 1, hydrogen; 2, ethylene; 3, ethane. 











STUDY OF CERTAIN FINELY DIVIDED METALS 


633 



Fia. 9. Hydrogenation of Ethylene by Nickel C atalysts 
1, nickel No. 1 from the amalgam; 2, nickel No. 3 from the amalgam; 3, nickel 
No. 2 from the oxide. 



Fig. 10. Adsorption op Hydrogen on Nickel No. 5 (prom the Amalgam) at 99.6®C, 
(D| adsorption; O desorption 
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seems that mercury has the effect of destroying the active spots on the 
catalsrst; thus it is not surprising that copper No. 1, prepared from the 
amalg am , is not an active catalyst. This poisoning effect of mercury was 
not noticeable in the study of the other metals. 

The rate of hydrogenation of ethylene by nickel (figure 9), was the same 
for the catalysts prepared by the two methods. Both cobalt catalysts 
(figure 5) gave equally rapid rates of reaction. As nickel and cobalt 
prepared from the oxides showed much higher adsorption of hydrogen and 
ethylene than the same metals prepared from the amalgams, it is evident 
that high adsorption of reactants does not necessarily mean a correspond¬ 
ingly high activity as a catalyst. 

The change in total pressure was taken as a measure of the rate of reac¬ 
tion. In the case of iron, nickel, and cobalt from the amalgams, the initial 
pressures for the reaction rates were calculated from the known volumes of 
hydrogen and ethylene present and the amounts of the two gases adsorbed. 
As the quantities of the two gases adsorbed were quite small, it seems that 
the calculated initial pressures should be fairly accurate. The initial 
pressures thus calculated are in each of the above-mentioned cases 40 to 60 
mm. higher than the first experimentally determined pressure. It is 
apparent that the initial rate of reaction is very high, for the large decrease 
in total pressure from its initial value (calculated) to the first experimental 
value is much too great to be attributed to adsorption, even though the 
adsorption of the reactants were very high, which is not the case. 

Pease (5), in a study of this catalytic reaction, found that when the 
concentration of hydrogen was kept constant the speed of the reaction 
decreased as the concentration of ethylene increased. He also found that 
the deactivation of a copper catalyst by heat treatment or by poisoning 
resulted in a much larger decrease in the adsorption of hydrogen than of 
ethylene. This seems to indicate that the adsorption of hydrogen is the 
more important factor in the hydrogenation of ethylene. 

In view of these results an explanation may be offered for the above- 
mentioned behavior. In all experiments in which the rate of hydrogena¬ 
tion was measured, the adsorption of hydrogen was measured first and then, 
leaving the hydrogen on the catalyst, an eqiial volume of ethylene was 
admitted. Thus at the very first part of the reaction the hydrogen was in 
large excess. As the ethylene diffused into the catalyst the two gases 
were competing for the free spaces on the catalyst surface. It seems only 
reasonable to assume that the amount of hydrogen adsorbed was much 
greater at the begiiming of the reaction than after the gases had become 
thoroughly mixed. As the reaction rate seems to depend primarily on the 
amount of hydrogen adsorbed, it seems quite in order that the reaction 
should be much more rapid at the beginning than after a considerable 
amount of the adsorbed hydrogen had been displaced by the ethylene. 
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The above exi)lanation is in agreement with the results of Harker (3), 
who investigated this same reaction on a supported copper catalyst and 
found that hydrogen left on the catalyst overnight greatly increased the 
initial speed of the reaction, while ethylene similarly left on the catalyst 
greatly reduced the initial speed of the reaction. As Harker has pointed 
out, the ethylene probably slows down the reaction rate by impeding the 
movement of adsorbed hydrogen on the catalyst surface to the active 
centers where the reaction presumably takes place. 

The adsorption of hydrogen on nickel at temperatures from —80^ to 150^C, 

The adsorption of hydrogen on nickel No. 5 (amalgam) at 99.6°C. is 
very high as compared with the negligibly small adsorption at 0°C. The 
isotherm (figure 10) shows the adsorption to be completely reversible with 
respect to pressure. 

As is shown by table 1, practically no hydrogen was adsorbed by nickel 
No. 5 at 0°C., but on slowly heating the catalyst a considerable adsorption 
began to occur at about 50®C. The adsorption at these temperatures was 
quite slow; at 72.4®C. more than two hours were required for the system 
to come to apparent equilibrium. The rate of adsorption seemed to 
increase with rising temperature. At 100®C. the time necessary to reach 
apparent equilibrium was less than one hour. 

The amount of hydrogen adsorbed was less at 150®C. than at 100®C., 
and on cooling the catalyst it was found that the amount of adsorbed gas 
increased steadily down to — 80®C. The increase (0.24 cc.) was small in 
comparison to the total amount adsorbed. On again heating the catalyst 
the same amount of adsorption was found for each temperature as had 
been observed at the same temperature in the previous measurement. 

From these results it appears that the hydrogen is taken up by the nickel 
in two ways. The first is ordinary “physical adsorption,'^ which decreases 
with rising temperature. Numerous measurements had shown the amount 
of hydrogen adsorbed at 0®C. on this and other nickel catalysts prepared 
from the amalgam w^as very small. It was apparent therefore that the 
amount of “physical adsorption" at 100® to 150®C. was extremely small 
and practically negligible. The amount of gas taken up in the second 
manner seems to remain remarkably constant over the range of tempera¬ 
tures studied. The change in adsorption from —80® to 150®C. can be 
ascribed to the change in the “physical adsorption." 

The second manner of “sorption" could be explained by Taylor's (7) 
theory of “activated adsorption," or by a solution of the gas in the metal or 
possibly a combination of the two. The time required for the process is in 
agreement with either explanation. The adsorption isotherm at 100®C. 
is of the same shape as would be expected on the basis of activated adsorp¬ 
tion. However, according to Ward (9), a solution isotherm may have the 
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same form as an adsorption isotherm. The present experimental results 
do not seem to warrant an attempt to exclude either of these explanations. 

StnUMABT 

1. The adsorption of hydrogen, ethylene, and ethane has been studied 
on metallic catalysts prepared from both the oxides and the amalgams. 

2. The rate of the hydrogenation of ethylene has been studied on the 
same catalysts under the same conditions as above. « 

3. The metals prepared from the amalgams showed a catalytic activity 
which is quite comparable to that of the metals prepared from the oxides. 

4. A very high initial rate of reaction has been found and an explanation 
has been offered for the same. 

5. The adsorption of hydrogen on nickel has been studied at tempera¬ 
tures from —80® to 150®C. It has been shown that only a very small part 
of the total adsorption is due to “physical adsorption.” 
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The soda-alum system has been studied by Dobbins and Byrd (2), who 
determined the 25®C. isotherm and found soda-alum as a stable phase at 
that temperature. The demonstration of the existence of soda-alum at 
25®C. made it seem advisable to continue the investigation further to 
determine the range of temperature over which it exists as the stable phase. 
During the progress of the present investigation, Astruc and Mousseron (1) 
published the data for this system at 6®, 18“, and 42“C., and concluded 
that soda-alum does not exist below 11“C., nor above 39“C. In the present 
paper are given the results of a study of the system at 0°, 30“, and 42“C. 

EXPERIMENTAL PROCEDURE 

Solutions were made, using c.P. sodium sulfate and aluminum sulfate. 
For each isotherm a series of solutions was prepared containing varying 
concentrations of aluminum sulfate in contact with solid sodium sulfate, 
and another series containing varying concentrations of sodium sulfate in 
contact with solid aluminum sulfate. For the 0“ and 30“C. isotherms 
sodium sulfate decahydrate was used, and for the 42''C. isotherm, anhy¬ 
drous sodium sulfate was used. The solutions were saturated with the 
respective salts at temperatures slightly higher than the temperature at 
which they were to be studied, thus producing equilibrium in a shorter 
time. Approximately 50 cc. of solution in contact with solid was prepared 
for each sample, and the bottles placed in the constant temperature bath. 
The bottles were shaken several times daily, and it was found that equilib¬ 
rium was reached in less than two weeks. For the 0“C. isotherm, the 
bottles were kept immersed in a container of crushed ice and water placed 
in a large refrigerator. 


Sampling 

After equilibrium was reached, the solutions were allowed to settle 
completely so that the supernatant liquid was perfectly clear. Samples 
of the liquid phase were withdrawn by means of pipets and immediately 
transferred to weighing bottles and weighed. These samples were then 
diluted to a known volume. 
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The solid phase presented much difficulty in some cases, owing to the 
finely divided condition of the solid. In all cases, portions of the solid 
phase, with adhering liquid, were dipped from the bottles, as much of the 
liquid as possible was drained off, and the residue transferred to a weighing 
bottle, weighed, and made up to a known volume. 

Methods of analysis 

On accoimt of the difficulty of obtaining satisfactory analyses for sulfate 
in the presence of large amounts of aluminum, it was found advisable to 
make direct determinations of sodium sulfate and aluminum sulfate. 
Water was determined by difference. 


TABLE 1 
0°C. isotherm 


sample; no. 

NaaS04 

LIQUID 

Alt(S04)a 

RBSIDUS 


NajS04 

Alj(S04)a 

1 

6.46 

0.00 



2 

6.06 

3.15 

31.44 

1.35 

3 

6.80 

5.20 



4 

6.55 

6.26 

29 20 

2 36 

5 

5.40 

7.08 



6 

5,02 

9.33 



7 

4.84 

9.77 



8 

4.70 

11.43 

31 74 

3 71 

9 

4.38 

14.99 



10 

4.20 

16.47 



11 

4 05 

19.40 



12 

3.85 

22.25 



13 

2.88 

24.23 

29.65 

8.78 

14 

2.12 

25.55 

8.33 

39 33 

16 

1,31 

26.42 

0.50 

44.63 

16 

0.00 

27.97 




Sodium was determined volumetrically by the method of Dobbins and 
Byrd (3), and aluminum was determined gravimetrically by the method of 
Dobbins and Sanders (4). 


RESULTS 

The data for the three isotherms are given in tables 1 to 3 and the results 
are plotted in figures 1 to 3. 

DISCUSSION OF RESULTS 

An examination of %ure 1 shows that the 0®C. isotherm for this system 
consists of two solubility curves, with no evidence of compound formation. 
The composition of the solid phase, determined by means of tie-lines 
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connecting the composition of the liquid phases with the composition of the 
respective wet residues, shows that the solids in equilibrium with the 


TABLE 2 
S0°C. isotherm 


BAMPL£ NO 

Na*S04 

LIQUID 

A1,(804)i 

RESIDUE 


Al2(S04)l 

1 

29.61 

0 00 



2 

28.10 

3.35 



3 

27.75 

5.14 



4 

27 37 

6 55 

39 20 

2 17 

5 

27 04 

8 77 



6 

27.00 1 

10.44 



7 

26 93 

11 42 

39.52 

3.40 

8 

26.67 

11.73 

30.70 

11.90 

9 

24.20 

13 55 

21 48 

19.85 

10 

15.95 

17.73 

16 00 

24.21 

11 

12 58 

19 49 



13 

9.20 

1 

22 68 

25 51 



14 

[ 5 43 

26.54 



15 

5.21 

27.20 

7.22 

29 55 

16 

3 18 

29 56 

8.24 

32.40 

17 

2 30 

30.87 

1 10 

44 05 

18 

1 55 

31.21 

0 92 

42 26 

19 

0 00 

31.99 




TABLE 3 


isotherm 


SAMPLE NO. 

Na.SC )4 

LIQUID 

AI*(S04)« 

RESIDUE 

NaiS04 

A1*(S04)| 

1 

32.94 

0 00 



2 ! 

29.10 ! 

6.83 



3 ! 

27.13 

10 11 

75.92 

3 86 

4 

25.70 

12 43 

76.63 

4.07 

5 1 

21.12 

13.94 

20,69 

23.77 

6 

18.74 

15.19 

18.48 

26 31 

7 

10.31 

21.35 

12.92 

31.45 

8 

8.03 

22,65 



9 

5.49 

26.94 

8 03 

31.79 

10 

2 22 

31 32 



11 

1.89 

32.21 

3 26 

46.40 

12 

0 00 

34.24 




saturated solutions are sodium sulfate decahydrate and hydrated aluminum 
sulfate. It is evident that soda-alum does not exist at 0®C. 

Figure 2 shows the presence of soda-alum in addition to the two com- 
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pounds present &t O^C. The limits of concentration between which soda- 
alum may be prepared are 26.9 per cent sodium sulfate, 11.4 per cent alumi¬ 
num sulfate, and 4 per cent sodium sulfate, 30.5 per cent aluminum sulfate. 




Fig. 2. Thu System NajS04-AIs(804)r-Ht0 at 30°C. 

Examination of figure 3 reveals that the 42'’C. isotherm is similAi- to that 
of the 30®C. isotherm. The solid phases are anhydrous sodium sulfate, 
hydrated aluminum sulfate, and soda-alum. The determination of the 
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composition of the compound in contact with the middle section of the 
isotherm presented much difficulty. The solid was very finely divided, 
and it was impossible to obtain samples comparatively free of the mother 
liquor. Analysis of the wet residue and extension of the tie-lines to their 
intersection gave no exact information, since it was impossible to obtain 
three tie-lines to intersect at one point. Hydrolysis had taken place to 
some extent, and the excess aluminum present made the intersection of any 
tie-lines vary greatly from the composition of the alum. The inability to 
remove the liquid from the residues caused the composition of the residues 
to be so close to the liquid curve that a small amount of hydrolysis produced 
a very great effect on the direction of the line. 


HjO 



To ascertain the composition of this solid phase, the tell-tale method was 
used. A small amount of copper nitrate was added to the saturated 
solutions. Samples of the liquid and the wet residue were taken, and the 
copper in each was determined electrolytically. From the amounts of 
copper present, the amount of mother liquor adhering to the solid phase 
was calculated. Calculations indicated that the solid phase in contact 
with the middle segment of the 42'’C. isotherm consisted of soda-alum 
with varying excesses of aluminum oxide ranging from 4 per cent to 6 
per cent on the extreme left end. On the right portion of this segment of 
the isotherm, the region of high sodium sulfate concentration, an excess of 
sodium sulfate was found in the solid. This was most probably due to 
adsorption. 

In order to verify these conclusions as to the composition of the com¬ 
pound in question, a microscopic examination was made of the solid. 
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This showed conclusively that the substance was composed of small 
isometric crystals showing the flattened octahedra of the alums. 

Since hy^l 3 ^is had taken place to some extent, the system should 
theoretically be treated as a four-component sjrstem. However, since the 
liquid curve is fairly smooth, it is evident that hydrolysis is not a large 
factor and may be disregarded. 


SUMMARY 

The 0®, 30® and 42®C. isotherms for the soda-alum system have been 
determined. There is no alum formation at 0®C. Evidence of the exist¬ 
ence of soda-alum as a solid phase at 30®C. and 42®C. was established. 
Hydrolysis takes place to some extent above 30®C. 
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ADSORPTION AND CATALYSIS 
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Received October 12y IQSi. 

A hot filament of tungsten, iron, molydenum, or platinum placed in 
vapors of potassium, cesium, or rubidium captures the valency electrons 
of the atonivS surrounding the filament and adsorbs them as ions. The 
surface thus has ability to cause ionization. By measuring the photo¬ 
electric cmissivity Brewer (6) show^ed that the emission curves for iron on 
which nitrogen, hydrogen, or ammonia has been adsorbed can be duplicated 
by those obtained from pure iron on which potassium ions have been 
deposited. This suggests that nitrogen, hydrogen, and ammonia are also 
adsorbed as ions, and that the strong adsorption on metals, w’hich occurs 
above certain temperatures, is due to the ability of the surface to cause 
ionization. As contact catalysis proceeds from the strong adsorption, the 
ability to cause ionization can be assumed to account for contact catalysis. 
Coehn and Specht (8) demonstrated that hydrogen adsorbed by palladium 
is present as ions, since the application of a potential to the metal increases 
the rate of diffusion of hydrogen to the negative part. This confirms the 
idea that a metal is able to ionize molecules (atoms) with an ionization 
potential much higher than the w ork function of the metal. Since, further¬ 
more, electronic bombardment-synthesis in gas mixtures occurs only w^hen 
the accelerating voltage is higher than the ionization potential of the 
molecules most difficult to ionize, and since in the glow discharge it has 
not been possible to ascribe any reactivity to excited molecules, the men¬ 
tioned assumption regarding the catalytic effect of the surfaces can be given 
the following form:— 

Postulate L In a chemical reaction furthered considerably by the 
presence of a surface, the surface is at the temperatures in question able to 
ionize those molecules among the reactants most dilBScult to ionize, and the 
surface will cause a strong adsorption as ions formed are attracted by the 
surface. 

Postulate II, A surface able to ionize molecules of a gas or liquid, and 
hence able to yield a strong adsorption, produces an increased adsorption 
when the molecules are substituted by others having a lower ionization 
potential, assuming all other conditions to be the same. 

As to postulate II the variation in adsorption of different gases on a given 

^ Present address: H. C, Eggersve j 43, Hellerup, Copenhagen, Denmark. 
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catalyst is only in the same order as the ionization potential when the ease 
with which ionization of the molecules takes place and the coefficient of 
recombination of their ions with electrons are of the same order. Nyrop 
(17) has calculated the adsorption due to ionization and shown that at a 
given temperature there is a maximum adsorption and a corresponding 
saturation pressure. Experiments show that such pressure is a charac¬ 
teristic feature of the strong adsorption in contrast to the van der Waals’ 
adsorption. Nyrop (18) also shows that the positive ion emission from a 
gas layer adsorbed on a surface having ability to cause ionization is in 
accordance with the results of Evans (10), and that neutral molecules 
(atoms) and ions are present on the surface at the same time, since the 
surface is covered by an electronic gas, the “surface electrons,” which is 
able to neutralize ions formed. The ionization is thus intermittent. 

Savard (23) shows that the energy of dissociation of a molecule A 2 or 
ABp is Da = 2n(/m — /«) or Dab = 2n/m — n„/«, respectively, when 2n 
is the number of linking electrons in the molecule, no the number of elec¬ 
trons in A, Jm the first ionization potential of the molecule, and Ia that of 
the atom. Ionization of a molecule will thus generally decrease the energy 
of dissociation and, in the same manner, may be able to reduce the energy 
of activation of a chemical reaction. The ability of a surface to cause 
ionization will hence be able to reduce the activation energy of a given 
process. 

It has been observed that there is a considerable difference in the ways in 
which adsorption takes place on a surface at low temperatures and at high. 
The low temperature adsorption, being of the van der WaaLs’ type, is 
instantaneous and without a considerable heat of adsorption, whereas 
above a certain temperature the adsorption is strengthened and takes 
place with increasing velocity when the temperature is raised. From the 
velocity at various temperatures an activation energy can be calculated. 
Taylor has therefore termed such adsorption “activated adsorption.” The 
heat of adsorption in activated adsorption is higher than in the low temper¬ 
ature adsorption. As the temperature is raised there is at very low tem¬ 
perature the normal decrease in the van der Waals’ adsorption, but, when 
activated adsorption is possible, such adsorption sets in at a certain temper¬ 
ature, increase with temperature, and paee through a maximum. 

Considering ionic adsorption, the ability to cause ionization can be 
repreented by an electric field at the surface, the potential barrier hinder¬ 
ing the “free” electrons of the metal in ecaping. This barrier, P, retards 
the “free” electrons having the maximum ^etic energy E and the work 
function becomes 

v^P-E ( 1 ) 

If the potential barrier shall be able to ionize molecules coming close to the 
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surface, the potential drop must take place inside a certain distance off the 
surface, a distance varying with the features of the adsorbed molecules. 
It shall later be demonstrated that this distance decreases with increasing 
temperature. The ability to cause ionization is thus enlarged with the 
temperature, although P may remain constant. P and the distance 
mentioned are thus determining the ability, and above a certain minimum 
temperature, To, the distance becomes so small that ionization takes 
place. This is in accordance with the wave mechanics result that the 
time required for an electron to cross a potential barrier decreases rapidly 
when the thickness of the barrier is decreased. In this connection the radii 
of the adsorbed molecules (atoms) have influence, as there may be a certain 
minimum distance between the nuclei of the molecules and the surface. 
The ionization power of the surface may thus pass through a maximum 
when the distance between the surface and the outermost part of the surface 
electrons is decreased. 

That the adsorptive power for lead on platinum, as shown by Maxted 
(15), is 3.5 times that for mercury confirms postulate II, as the ionization 
potential of lead is 7.38 and of mercury 10.39 volts. If adsorption and 
catalysis are considered with heed to the postulates the ability to cause 
ionization, (in volts), at a given temperature can be estimated. At the 
same time To can be determined. Table 1 is a synopsis of such estimates. 

By A > B is indicated that the adsorption on the metal A is stronger 
than on B, or that the energy of activation of a given process is less when A 
is employed. The ability of A to cause ionization should thus be larger 
than that of B. When To is lower for the adsorption of a gas on A than on 
B it indicates that the ionizing ability of A is larger than that of B. Con¬ 
sidering the postulates and table 1 w e obtain table 2 , giving the succession 
of the metals corresponding to a diminishing ability to cause ionization. 
The succession of the oxides becomes; MnO > ZnO > C 02 O 3 > CuO > 
Fe203 ^ V2O6 ^ Si 02 ^ Cr203 ^ AI2O3. 

It will be noticed that the dehydrogenation catalysts are able to ionize 
hydrogen, and the dehydration catalysts water; and that ammonia is 
decomposed by the synthetic ammonia catalysts but also by copper able 
to ionize ammonia and not nitrogen. 

There are two types of activated adsorption of hydrogen, for instance, 
on iron, each type occurring in different temperature ranges. The low 
temperature activated adsorption may be due to H 2 '^ ions, the high temper¬ 
ature to ions. 

According to Sommerfeld (25) the *ffree'^ electrons of a metal can be 
regarded as a degenerate gas capable of expanding. The surface will thus 
be covered by an electronic gas, the “surface electrons’’ (17, 18). The 
“maximum’’ kinetic energy of the electrons is 




(2) 



646 


J. E. NTROP 


where a is the volume occupied by a gram-atom and n* the number of “free” 
electrons per atom. As only few electrons have energies above E this 
energy is termed the “maximum.” When equation 2 is applied and every 
atom loses one electron (ni = 1), the value E' of table 3 is obtained for the 


TABLE 1 



LITBRA- 




PROCSS 8 

TUBE 

RETBR- 

CATALYST 

To 

flo 


BNCB 







•K. 



(7) 

Ni 

83 

>15.37 


(7) 

Pt 

195 

>15.37 

Adsorption of H 2 (l.P. =* 

(8) 

Fe 

90-195 

>15.37 

16.37 V.). 

(9) 

( 10 ) 

ZnO 

273 

>16 37 
>15 37 


Oxides 

>400 


(4) 

Ni > Pd > Cu 


>15.37 

Adsorption of Ns (l.P. — 1 

16 V.).1 

( 8 ) 

( 11 ) 

Fe 

W 

273 

293 

>16 

>16 

(7) 

Ni 

98-173 

>16 

Adsorption of CO (l.P. f 

( 8 ) 

Cu 

273 

>14.4 

14.4 V.). \ 

Ethylene (l.P. * 12.2 v.) is 

(8) 

Fe 

195 

>14.4 

adsorbed more strongly 
than hydrogen (l.P. «• 
15.37 V.) on Cu, Ni, and Pt, 
but relatively most on Cu.. 


Ni; Pt > Cu 

I 

i 

>15.37 

Adsorption of H* (l.P. ** 





15.37 V.) and CH 4 (l.P. = 
14.4 v.). 

(4) 

Cu > C 


>15 37 

Adsorption of CO (l.P, - 


14.4 V.) and Hj (l.P. « 
15.37 v.). 

(4) 

Ni > Pt > Cu 


>15.37 

Catalytic exchange of atoms 


between hydrogen (l.P. « 
15.37 V.) and water: 

+ H 2 O H !0 + H,.... 

(15) 

Pt 


>15.37 


(12) 

Fe 

83 

>15.37 

Ortho-para hydrogen con¬ 

(13) 

ZnO 

298 

>15.37 

version ... 

(13) 

(4) 

A1,0. 

Ni > Cu > C 

580 

>15.37 

>15.37 


Adsorption of H 2 O (l.P. « 





12.7 y.) on Hg inhibits pho¬ 
toeffect, H 2 (l.P. « 15.37 V.) 
does not.... 


Hg 


15.37 > Hg > 
12.7 
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TABLE 1— Continued 


PROCESS 

LXTERA- 

TUHE 

RKPER’ 

ENCB 

CATALYST 

To 

90 




“K. 

volt$ 

Hydrogenation of amyl- 





acetylene. 

(21) 




to amyl acetate. 


Ini > Cu 


>15.37 

to heptane. 


Ni / 



Dehydrogenation of. 

(22) 




piperidine. 


Pd > Pt 



cyclohexane. 


Ni > Os > Pt 



decahydronaphthalene. ... 


Ni > Pel > Pt 



Hydrogenation (LP. = 15.37 





V.) of organic products.. 

(4) 

Cu; Zn; Ni; Co 





Ni > Co 


>15.37 



Ni > Fe 



Synthesis of acetaldehyde 





from acetylene (I.P. = 





11.2 V.) and water (I.P. * 





12,7 V.). 


Hg 


>12.2 

Hydrogenation of C2H4 f 

(20) 

Pd > Pt > Cu 


>15.37 

(I.P. « 12.2 V.) . \ 

(23) 

Ni > Co > Zn 



Synthesis of NHa from Na 





(I.P, « 16 V.) and SHa 





(I.P. » 15.37 v.). 

(4) 

Os; Mo; Fe; Ni; 


>16 


Co; Mn; W 





Fe > Pt 


>16 



Os > Pt 


>16 

Decomposition of NHj f 

(16) 

Cu 


>11.2 

(I.P. « 11,2 V.). \ 

(19) 

Os > Pt 


>11.2 

Decomposition of CO 





(I.P. * 14.4 V.). 


Ni > Cu 


>14.4 

Organic decompositions, etc... 


Ni; Co; Fe; Pd, Pt 





> Cu 





Ni > Co > Pt; Cu 



Decomposition of ethyl al¬ 





cohol into aldehyde and 





hydrogen (dehydrogena¬ 





tion) . 


Cu; Zn 



Decomposition of ethyl al¬ 





cohol into ethylene and 





water (dehydration). 


AlaO,; W2O, 
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TABLE I—Concluded 


PBOCIM 


CATALYIT 

JTo 

By contemporary organic 
dehydration and dehydro¬ 
genation the formation of 
hydrogen decreases, and 
that of water increases in 
the order of the catalysts... 

(18) 

MnO > ZnO > 

•K. 

Oxidation of CO. 

(It) 

(17) 

FejO* > SiOt > 
CrtO, > W,0, > 
A1.0, 

CojOi > CuO > 
Fe.O, > VjO, > 
SiO, 

Al^, 

<800 

Oxidation of methanol.| 

Combustion of a mixture of f 
H, and CO. \ 


CrjOi 

FejOi 

Pt > Cu 

Ag 

Pt > Cu 

Pt > Cu 



maximum kinetic energy. Now some electrons are more loosely bound 
to the metallic atoms than the rest; hence it is possible that the atoms will 
lose so many that a stable electronic shell is left. For iron, chromium, 
manganese, molybdenum, and tunpten, for instance, there are several 
possibilities; n< and the corresponding value of E of table 3 is therefore 
taken as an average when several possibilities are permissible.* By 
measuring the electronic current from a heated metal the work function 
tfi of the table is calculated. 

The number of electrons incident on a surface with a kinetic energy of 
the electron’s motion normal to the surface larger than E is 

= (3) 

In a distance s off the surface where the electrons have lost an energy E, 
these electrons produce a gas with a density 

rig =r 2fh{‘mkTy*hr* (4) 

‘ In a previous article (17) n< was estimated without heed to this uncertainty; 
thus the discrepancy between table 3 and earlier values. 
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TABLE 2 


Suceetnon of the melaU corresponding to a diminishing ability to cause ionization 


METALS 

ABILITY TO CAUSE IONIZATION 

IONIZATION POTENTIAL 

Ni 

Os 

Fe 


volts 

Mn 

Co 

W 

Pd 

Pt 

> Able to ionize N2 

16 

Zn 

1 


Cu 

C 

> Able to ionize H2 

15.37 

Ag 

1 


Hg 

Able to ionize water 

12 7 


TABLE 3 


METAL 

v» 

£• 

f 


E 

E 

Ni. 

5 0 

7.47 

4 

4 

18.8 

23.8 

Os. 


11.60 

2 

2 

18 4 

(23.2)* 

Fe. 

4 8 

7.15 

2-6 

4 

18.0 

22.8 

Cr. 


6.92 

2-4-6 

4 

17 4 

(22.1) 

Mn. 


6.77 

3-5 

4 

17 1 

(21.8) 

Mo. 

4.6 

5.83 

4-6 

5 

17.0 

21.6 

W. 

4.5 

5.80 

4-6 

5 

16.9 

21.4 

Pd. 

4 5 

6.40 

4 

4 

16 2 

20.7 

Co. 

4.0 

7.30 

3 

3 

15 2 

19.2 

Pt. 

4.5 

5 97 

4 

4 

15.1 

19.6 

Zn. 

3.3 

5.96 

2-6 

4 

15.0 

18.3 

Cu. 

3.7 1 

7.10 1 

1-5 

3 

14.8 

18.5 

c . 

4.1 

8.50 

2 

2 

13.5 

17.6 

A1.1 

3.9 

5 63 

3 

3 

11.7 

15.6 

Au. 


5 50 

1-5 

3 

n 4 

(14.6) 

Ag . 

2.9 

5.47 

1-5 

3 

11.3 

14.2 

Hg. 


4.42 

2-6 

4 

11.2 

(14.0) 

Pb. 

3.9 

3.78 

4 

4 

9 5 

13.4 

Mg. 

3.0 

4.62 

2 

2 

7 3 

10.3 

Ca. 

2.2 

3 17 

2 

2 

5.0 

7.2 

Li. 


3.82 

1 

1 

3.8 

(5.8) 

Na. 

i 1.8 

3.14 

1 

1 

3 1 

4.9 

K. 

1.2 

2.14 

1 

1 

2.1 

3.3 


• PsrentheseB indicate that the value hag been estimated. 
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In a zone quite close to the surface and in a distance a off the surface the 
density is 


tla - 


8ir(2m)*'* 

___ 


(E - Ea)*l* 


(5) 


where Ea is the kinetic energy lost by the electrons in moving the distance 
o. (Ea < E). Near the outermost zone in a distance x < b the density is 
expressed by an equation similar to equation 4, but the density is somewhat 
larger. The density of the outermost part of the surface electrons is thus 
increasing with P'*. Approximately * the distance between the outermost 
zone and the surface, viz., a plane through the exterior nuclei of the metallic 
ions, is 

« = 3.6 X 10-« nV* (6) 

and 


E/b=^1X 10* a-*« n.‘/* P« (7) 

For T = 100 we have for silver E/s = 3.3 X 10*. 

As to the field accounting for tp, this is strongest at distances not much 
larger than s off the surface, but the strength will decrease as the density of 
the outermost part of the surface electrons is enlarged, i.e., with raising 
temperature. A part of <p equal to 

= ( 8 ) 


may thus be able to assist in the ionization, {n < >p.) At high 

temperatures the maximum ability of a surface to cause ionization is thus 
equal to E, but at lower temperatures to £? -|- <p'. 

To is the minimum temperature at which the activated adsorption by a 
given experimental technic is measurable. If Ti and Tj are the minimum 
temperatures for the same gas adsorbed on two surfaces having the ability 
to cause ionization Ei + (p\ and Ei + <P 2 , we should in accordance with 
equation 6 have approximately 


i/n = ~i~ Vi. 
y Ti Ez + 


(9) 


The adsorption of hydrogen on nickel and platinum mentioned in table 1 
gives, when the values of table 3 for E and <p are applied, a minimum 
temperature for the adsorption on iron of 110®K. Considering equation 9, 
the minimum temperatures mentioned in table 1 are in agreement with 


’ In calculating a it has been estimated that the electronic density at the surface 
is equal to that at the interior of the metal, although the density is somewhat less 
at the surface and just below. The electrons crossing the surface are thus acceler¬ 
ated slightly just before the retardation sets in and P m (E + AB) + ip. 
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table 3. Further, the succession of the metals of table 2 is the same as 
that of table 3. 

Taylor suggested that so-called peak areas were associated with special 
activity. Steacie and Elkin (26) demonstrated, however, that the rate 
of decomposition of gaseous methyl alcohol over solid and liquid zinc 
was directly dependent on the temperature, there being no discontinuity 
at the melting point. It was therefore concluded that the entire surface is 
uniformly active. A progressive removal of the postulated peak areas by 
poisoning causes, furthermore, no change in the activation energy of the 
decomposition of hydrogen peroxide on platinum. It seems thus that 
the catalytic activity is not bound to certain areas of the surface of a single 
metal. The ionic adsorption described does not involve any assumption 
regarding peak areas. A heterogeneous catalyst will, however, have 
crystal surfaces with different activity. 

When ionic adsorption of a gas takes place, the positive ions formed 
neutralize part of the effect of the surface electrons whereby the distance 
between the outermost part of the surface electrons and the surface in¬ 
creases, viz., the average field close to the surface is weakened, although 
the potential difference between any point of the metal and points at some 
distance from the surface may remain constant. At a certain adsorption 
the field may thus be weakened to such degree that the surface no more is 
able to ionize the molecules. The ionic adsorption is hence limited, and 
molecules with ionization potentials lower than that of the gas will, when 
admixed, act as poison. Bredig (5) showed that in the decomposition of 
hydrogen peroxide on platinum, hydrogen sulfide destroyed the activity 
to a much larger degree than hydrogen cyanide. The ionization potential 
of hydrogen sulfide is 10.4 and of the cyanide 14.8 volts. Besides the limit 
of the adsorption set by the weakening of the field, impinging molecules and 
the presence of the surface electrons counteract the adsorption; the adsorp¬ 
tion may thus never reach the limit set by the field. At high temperatures 
the field is strengthened so much that the influence of the adsorbed positive 
ions is decreased. Poisons are thus more active at low than at high tem¬ 
peratures; this is a well-established fact. A given reaction may also be 
self-poisoning. The temperature will therefore have to be above a certain 
value before the reaction takes place with a considerable velocity. Now 
the catalysts with high ionizing power are more exposed to poisoning than 
those with lower. In hydrogenation processes, for instance, platinum and 
palladium are thus active at room temperature, whereas the more active 
iron and nickel require a higher temperature. That argon is not as strongly 
adsorbed as nitrogen although their ionization potentials arc of the same 
order is due to a difference in requirement to the distance over which the 
potential drop at the surface take place, argon demanding a smaller 
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distance than nitrogen. (Argon has, for instance, a smaller effective 
sectional area than the nitrogen molecule.) 

As mentioned, a too narrow potential barrier in relation to the dimen¬ 
sions of the adsorbed molecules may weaken the power of ionization. In 
that case a very small concentration of poison will be able to cause an in¬ 
crease in adsorption at lower pressures. 

The use of relatively weak catalysts in the hydrogenation of coal, tars, 
and oils and assisting the hydrogenation by hydrogen sulfide (7), added 
in the free state or formed in situ, may depend on a reaction between the 
sulfide (I.P. = 10.4 volts) and the organic matters, which in many cases 
have an ionization potential less than 11 volts. Hydrogen sulfide, on the 
other hand, poisons, for instance, the reaction between acetylene and water, 
which takes place on several catalysts, as its ionization potential is lower 
than that of acetylene (11.2 volts) and water (12.7 volts). 

In catalytic hydrogenation of oleic acid the double bond is at low pres¬ 
sures saturated and the carboxyl group is not affected. At high pressure 
the latter is reduced and the double bond is largely unattacked. The 
ionization potential of ethylene is 12.2 volts and of carbon monoxide 14.4 
volts. It may thus be justifiable to assume that the radicals close to the 
double bond of oleic acid are more easily ionized than the carboxyl group 
and are thus hydrogenated preferably at low pressures where the molecules 
lie flat on the surface. At high pressure, however, the carboxyl group 
comes more easily into contact with the catalyst, as compression causes the 
molecules to stand at a fairly steep angle to the surface, hence the preferen¬ 
tial hydrogenation of this group. In the hardening of oils, linoleic, lino- 
lenic, and other highly unsaturated acids are hydrogenated in preference 
to oleic acid. When the adsorbed molecules lying flat on the surface are 
highly unsaturated they are attracted to the surface at two or more points; 
they are thus adsorbed preferentially to oleic acid having one double bond 
only. This preferential adsorption is the cause of the preferential hydro¬ 
genation. 
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The purpose of this investigation was to determine the solubility of lead 
in mercury from 20°C. to 70®C., using the general method developed earlier 
in this laboratory (3, 14), but preliminary work gave indication that 
special technique and special apparatus would be necessary because liquid 
lead amalgams oxidize rapidly in the presence of air. Since the free energy 
of formation of lead oxide from the elements is —41,000 calories (7), this 
compound would be very stable when once formed. 

A critical survey of the existing solubility data for lead-mercury revealed 
that very little work has been done on this binary system below 100®C. 
The work of Jiinecke (6) extends downward to only 106®C., while Puschin 
(9) is apparently the only investigator who has reported a series of values 
below 100®C. However, Puschin’s values are few in number, with the 
precision of these determinations apparently unstated. Hence a careful 
and precise set of solubility data for lead-mercury at the lower tempera¬ 
tures should be a welcome addition to our knowledge of lead amalgams. 

MATERIALS 

The lead used in this investigation was from a standard sample prepared 
by the U. S. Bureau of Standards. The Bureau has quoted no analyses 
for this material, but its melting point (1) is 327.3®C. as against 327.5°C., the 
reported value for pure lead (5). Spectrographic analysis of the lead using 
a Bausch and Lomb Littrow spectrograph indicated that antimony, 
bismuth, cadmium, copper, iron, magnesium, silicon, and silver were 
present in amounts varying from a trace as in the case of bismuth, silver, 
and sodium to faint, very faint, and exceedingly faint quantities with 
respect to the other elements above mentioned. Calcium was the only 
impurity found to be present in more than a trace, while titanium and 
vanadium could not be definitely determined because of the presence of 
these two elements in the carbon electrodes. It has been concluded there¬ 
fore, that the impurities present in the lead introduce no appreciable error 
in the results. 

The mercury used was purified by passing it several times through a 5-ft. 
Meyer column containing 6 N nitric acid and then triple distilling the 

655 



656 


HERBEBT E. THOMPSON, JR. 


material according to the method of Hulett and Minchin (4). After this 
purification, 30-g. samples of this mercury when evaporated in an atmos¬ 
phere of hydrogen yielded residues averaging 0.2 mg. high in the weighed 
capsules in which the samples were heated. 

APPARATUS 

Considerable time and effort were spent in perfecting a solubility tube 
adapted to the elimination of experimental error due to oxidation of the 
lead amalgams during any part of the experimental procedure. An 
illustration of the perfected solubility tube employed in this investigation 
is given in figure 1. The tubes were made from Pyrex glass. The lead 
amalgams were prepared in vacuo in these solubility tubes by keeping the 
lead and mercury separated until after each tube had been pumped out. 
The lead was cut into small cubes, about 2 mm. on an edge, and inserted 



into the nib A through the open end of the tube B; then mercury was added 
to the tube by means of a funnel and allowed to collect in the end of the 
tube at C, after which the tube was sealed up near B. The tube was 
evacuated through the capillary, D, which was subsequently sealed. The 
function of the tube E, with its end drawn to a fine tip, was to afford a 
means of breaking the vacuum in the solubility tube when the amalgam 
was to be filtered. F indicates the filter section of the tube where the lead 
amalgam, after passing through glass wool and a fine capillary, was con¬ 
ducted by means of the guiding tube, G, into the receiving section H. 
After the solubility tube was evacuated, the lead and mercury could be 
brought together by merely tipping the tube so that the lead would fall 
out of the nib A into the mixing tube BC. 

The thermostat and mechanical equipment used in this investigation 
were employed previously by other workers in this laboratory (3,14), and 
the oved in which the mercury was vaporized in the analysis of the amal- 
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gams has also been described (3). The rate of oscillation of the shaking 
mechanism was adjusted to eleven times per minute to eliminate spattering 
of the small volume of amalgam in the mixing tube in order that all portions 
of the mercury should become saturated with lead. 

The thermometers employed were of good quality, reading directly to 
0.1 and 0.2°C., respectively, and were calibrated against other thermom¬ 
eters certified by the Bureau of Standards. The analytical weights were 
calibrated by Richards* method and compared with a 10-g. weight certified 
by the Bureau of Standards. 

EXPERIMENTAL PROCEDURE 

Before quantitative measurements on solubility were made, the precision 
of the analytical procedure for lead amalgams was determined. Solubility 
tubes were cleaned with boiling 6 N nitric acid, rinsed with water, and dried 
in an oven at above 100°C., after which treatment they were charged with a 
weighed amount of lead, which was placed in the nib A, figure 1, and a 
weighed amount of mercury, placed in the tube at C. The tubes were 
then evacuated and sealed at pressures varying from 0.033 to 0.002 mm. as 
measured by a McLeod gauge, but in a majority of cases the pressure at 
sealing was not far from 0.01 mm. The data of Puschin were here used to 
prepare amalgams so that all the lead placed in the tubes would be 
dissolved. 

The solubility tubes were then placed in the thermostat and shaken for 
several hours, after which the tubes were then rotated through 180® and 
the amalgams filtered. Filtration was produced by breaking the tip of the 
tube E, figure 1, to admit purified hydrogen to the previously evacuated 
solubility tubes, through rubber tubing slipped over the tube E. The 
sudden change of pressure was suflicient to cause the amalgam to be 
filtered. 

The next step was to analyze the amalgam sample that collected in the 
receiving part of the tube, H. The analyses were made according to the 
method of Sunier and Gramkee (12), which consists in the vaporization of 
the mercury from an amalgam, weighing the residue as the amount of 
metal dissolved in the mercury. 

Special tests have shown that there is less than 0.1 mg. change in weight 
when 0.3-g. samples of lead are heated in an atmosphere of hydrogen to 
above 440®C. for at least eight hours. 

The experiments summarized in the data of tables 1 and 2 indicate that 
the average deviation of the analytical concentration from the known value 
was 2 parts per thousand or below, and that this analytical method is 
entirely adequate for the analysis of lead amalgams having concentrations 
of the order studied in this investigation. 

The precautions to be taken during the analysis of lead amalgams by 
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this method are (1) protection of the amalgam from oxidation at all times, 
and (2) heating the lead amalgam during the process of vaporization of 
mercury from it to not over 350®C., so that bumping of the amalgam may 
be eliminated. 

Details of the handling of the amalgam after filtration were as follows: 
(1) the entire solubility tube with contents was weighed; (2) the solubility 
tube was opened by a hot glass rod applied to a file mark along the dashed 

TABLE 1 


The solub ility of lead in mercury 


TUBS 

LGA1> TAKEN 

MKKCURY 

TAKEN 

ATOMIC PER 
CENT TAKEN 

ATOMIC PER 
CENT POUND 

deviation in 

PARTE PER 
THOUSAND 


gram.N 

grarnH 




1 

0 2577 

36 057 

0 6872 

0.6874 

0 3 

2 

0 2593 

37.524 

0.6646 

0 6672 

3 9 

3 

0 2580 

34 807 

0.7125 

0.7139 

1 9 

4 

0 2569 

35.727 

0.6914 

0.6931 

2 5 

Average. 

0 6889 

0 6904 

2 2 

Deviation of average composition. 

2 2 


TABLE 2 

The solubility of lead in mercury 


TUBE 

LEAD TAKEN 

MERCURY 

TAKEN 

ATOMIC PER 
CENT TAKEN 

ATOMIC PER 
CENT FOUND 

DEVIATION IN 
PAR'IS PER 
THOUSAND 


grams 

grams 




1 

0.6041 

28.575 

2.006 

2.006 

0.0 

2 

0.6093 

27.892 

2.071 

2.071 

0.0 

3 

0.6097 

28.569 

2.025 

2.019 

3.0 

4 

0.6079 

29.363 

1.965 

1.966 

0.5 

Average. 

2.017 

2.016 

0.9 

Deviation of average composition. 

0.5 


line as in figure 1; (3) the amalgam in the lower part of the tube was covered 
with benzene (figure IJ) and then placed in the oven for vaporization of 
mercury from the amalgam; (4) the part of the solubility tube above the 
dashed line was weighed on the analytical balances to the nearest milli¬ 
gram; (5) the lower section of the tube with its residue of lead was removed 
from the oven and weighed; (6) afterwards the lead was quantitatively 
removed by dilute boiling nitric acid, and the emptied tube was dried and 
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weighed empty. The difference between the value of operations No. 1 and 
No. 4 determined the weight of the lower part of the tube, J, plus the 
weight of the amalgam taken. Operation No. 3 was for the purpose of 
protecting the lead amalgam from the air until the tube was placed in the 
oven in an atmosphere of hydrogen. From the measurements outlined 
above, the atomic per cent of lead in the amalgam was calculable, and it is 
seen from this description that the easily oxidized amalgams were exposed 
to oxygen for only a few seconds, from the time the hydrogen-containing 
solubility tubes were opened until the amalgams in the lower sections were 
covered with benzene. It is to be pointed out here that the analyses 
reported in table 1 were made using a somewhat different type of tube than 
the perfected apparatus, and that the results in table 2, excepting tube 4, 
were obtained using a tube differing from the one illustrated, in that a small 
crucible was sealed inside of the tube H. However, it is believed that the 
high precision of the blank analyses, as well as the precise results in subse¬ 
quent solubility determinations using the solubility tube shown in figure 1, 
are proof enough of thc^ validity of the analytical method and of the efficacy 
of this type of tube. 

The procedure wlien measurements of the solubility at. a given tempera¬ 
ture were to be made differed from the procedure in the study of the 
analytical method in that there was at least a 100 per cent excess of lead 
present in the mixing tube, using Puschin’s data as a guide. The earlier 
runs appeared to indicate that the attainment of equilibrium was rather 
slow when the amalgam, at a given temperature, was nearly saturated with 
lead. For that reason, practically all of the runs were made at constant 
temperature for a considerable length of time, necessitating for practical 
reasons that equilibrium be approached, for a given run, from one side only. 

EXPERIMENTAL RESULTS 

In table 3 are presented complete data for a typical run, while table 4 
gives a summary of data for all runs. Because there was some duplication 
of determinations at various temperatures, it seems desirable that the more 
accurate and reliable data should be indicated, and the mean probable error 
for each group of such determinations stated. This information has been 
compiled in table 5. In the calculation of atomic percentage, 200.61 was 
used for the atomic weight of mercury and 207.20 for the atomic weight of 
lead. 


DISCUSSION OP RESULTS 

Criteria which were employed in the selection of the best data were (1) 
length of run, (2) temperature control, (3) number of determinations, and 
(4) the precision of the various measurements. As has been previously 
indicated, the attainment of equilibrium was found to be moderately slow, 
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—much slower in fact than was found to be true in the determinations of 
gold solubility in mercury by other workers in this laboratory (12,13,14). 

TABLE 3 

Compute data for run J 


Time of run, IIS hours; equilibrium from the low side; temperature, 39.9*C. 


TUBS 

WEiaHT OF 
LEAD 

WEIGHT OF 
AMALGAM 

ATOMIC PER CENT 
LEAD 

DBVZATIOK 
FROM MEAN 

IM PARTS PER 
THOUSAND 

REMARKS 


grama 

grama 




1 

0.5277 

23.214 


0 


2 

0.6090 

26.769 




3 


26.363 

2.224 

X 

Exclude 

4 

0.5391 

23.737 


0.9 


5 

0.6495 

28.511 


1.8 


6 

0.5847 





7 

0.5926 

26.092 




8 

0.6216 

27.394 

2.199 

1.8 


Average. 


0.8 

1 


TABLE 4 


Summary of eolubility data for all runs 


RUN 

TEMPERATURE 

ATOMIC PER 
CENT LEAD 

DEVIATION IN 
PARTS PER 
THOUSAND 

NUMBER OF j 
TUBES 

1 

TIME 

AA 

16.lt 

1.372 ^ 

30 

1 

4 

hours 

8 

M 

19.7 

1.469 

11 

8 

286 

K 

30.7 

1.811 

2 

8 

120 

J 

39.9 


1 

7 

115 

A 

46.6t 

2.509 

2 

3 

5 

D 

47.4 

2.592 

7 

5 

22 

C 

47.4 

2.559 

11 

5 

8 

B 

47.4 

I 2.567 

4 

3 

29 

H 

48.2 

2.631 

1 

7 

115 

E 

60.5 

3.425 

2 

3 

41 

F 

60.6* 

3.438 

2 

5 

34 

L 

69.2 

4.279 

4 

6 

203 

G 

70.2 


5 

3 

23 


* Equilibrium approached from both sides, 
t Uncalibrated thermometers used in these two runs. 


Hence no run was considered to be reliable in which the time of the run was 
leas than twenty-two hours. In all of the accepted runs the temperature 
was automatically controlled by a mercury thermoregulator of the t 3 rpe 
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employed by Clark (2) and constant temperatures within 0.01® and 0.02®C. 
limits could be maintained over a period of days, and to within 0.005®C. 
over a period of hours. No run was included among the selected data 
unless the total number of acceptable determinations was at least five, and 
exclusion of doubtful or wild values was made on the principle that many 
small variations occur with higher frequency than do larger variations 
from the mean, and the general criterion for elimination of values having 
large deviations was followed (8, 11). 

In table 5 the mean for the B and D determinations has been presented 
because the two runs were made at the same temperature within the Hmits 
of experimental error, and the runs were made for nearly the same length 
of time. Moreover an average of many determinations under practically 
identical conditions should be more reliable than the two sets of values 
reported separately, because the value of a mean determination increases 
with the number of precise observations. 


TABLE 6 

Summary of best data on solubility 


RON 

TIMPBRATURB 

MEAN VALUE 
ATOMIC PER 
CENT LEAD 

MEAN PROBABLE 
ERROR 

PROBABLE 
ERROR OF BINOLE 
DETERMINATION 

NUMBER OP 
DETERMINATIONS 


•c. 


db per cent 

dr per cent 


M 

19.7 

1 469 

0.005 

0 013 

8 

K 

30.7 

1.811 

0.001 

0.003 

8 

J 

39 9 

2.203 

0.001 

0.002 

7 

B 

D 

1 47.4 

2.588 

0 005 

0 012 

7 

H 

48.2 

2.631 

0.001 

0.003 

7 

F 

60.6 

3.438 

0.003 

0 006 

5 

L 

69 2 

4.279 

0 006 

0.015 

6 


The solubility curve (see figure 2), log Npb versus lOOO/r, was drawn in 
such a manner that the most reliable values were given the greater weight, 
with the line of the curve following the more precise observations more 
closely than the observations whose accuracy and precision, for one reason 
or another, were regarded as the less reliable. The dotted line in the graph 
is that drawn for Puschin’s data, and was made with due regard for other 
values from his work which lie beyond the scale of this graph. 

In table 6 the solubility of lead in mercury at rounded temperatures as 
read from the log Npb versus lOOO/T plot is presented. The equation for 
the solubility versus temperature curve, between the limits 19.7°C. and 
69.2°C., is 


Npb “ 


0.5893 - 0.0041157’ + 0.0000073547’* 
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where iVpb is the atomic fraction of lead dissolved and T is the absolute 
temperature. The equation was calculated by least squares from the data 
in table 5, and is useful for determining solubility with moderate accuracy, 
but for the closest estimation the use of a large plot of the data is recom¬ 
mended. 


O CmntigradB 

r/0 39.4 60.£ 


SiSdO 

■b 

b 

b 

>4 

•K 

c 

b 

O 

ZS43 

b 

o 

$ 

b 

/see 


‘34 -3Z -30 

-/OOO/T 

Fig. 2. Log iV versus lOOO/r Plot 
A, results of Puschin; O, results of author 



TABLE 6 

Solubility of lead in ‘mercury at rounded temperatures 


(From log N versus 1000/IT plot) 


TSMPSRATURE 

ATOMIC PER CENT LEAD 

(from curve) 

ATOMIC PER CENT LEAD 

(calculated) 

ERROR IN PAltTB PER 
THOUSAND 

"C. 

20 

1.476 

1.50 

16 

30 

1.780 

1.76 

11 

40 

2 199 

2.18 

9 

60 

2.742 

2.74 

1 

60 

3.419 

3.46 

12 

70 

4.330 

4.31 

5 


Examination of the curve shows that the author’s data give lower values 
for the solubility than those of Puschin for corresponding temperatures. 
This may be due to the fact that in making a solubility curve for amalgams, 
using a thermal method as Puschin did, supercooling, particularly at lower 
temperatures, might be more apt to occur, yielding high values for the 
solubility. On the other hand, it is diflScult to conceive how the author’s 
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data can be much lower than the true value, because such an extraordinary 
length of time has been allowed for equilibrium to be attained. There is no 
evidence to indicate that lead amalgams are colloidal in character within 
the concentrations studied, if the high precision of the determinations may 
be used as a criterion of homogeneity. 

The curvature apparent in the log A^Pb versus 1000/T plot, instead of the 
straight line which is obtained when there is strict conformation to Raoult^s 
law, may be due to the fact that the solid phase is not the one indicated, 
or to the fact that the latent heat of fusion of lead is some unknown function 
of the temperature and cannot be considered as constant. No tests have 
been made in this study to determine the nature of the solid phase in 
equilibrium with the liquid solution, but Puschin (9), after reviewing 
previous work, pres(?nts evidence of his own to indicate that solid solution 
is the solid phase. 

In a paper by Richards and Garrod-Thomas (10) on electrochemical 
measurements of amalgams, it is stated that a 1.02 per cent lead amalgam 
by weight, corresponding to 0.997 atomic per cent, is an unsaturated amal¬ 
gam at 0°C. Extrapolation of the author’s curve verifies this statement, 
and indicates the saturation value to be 1.072 atomic per cent lead at 0®C. 

SUMMARY 

1. Special solubility apparatus has been designed and special experi¬ 
mental technique developed for the efficient handling of the rapidly oxi¬ 
dized lead amalgams. This ty})e of apparatus and technique may be of 
use also in studies of other easily oxidized amalgams. 

2. About se\'enty determinations of the solubility of lead in mercury 
have been made in the temperature range 20°C. to 70°C., with an average 
deviation of about 5 parts per 1000 for the final runs. 

3. The experimental results are adequately represented by the following 
equation within the temperature range studied: 

iVpb = 0.5893 - 0.004115r -f 0.0000073542"* 


To Professor Arthur A. Sunier the author is indebted for counsel and 
assistance, and to the University of Rochester for making this research 
possible. The author is also indebted to Mr. T. J. Zak of the Bausch and 
Lomb Optical Company for the spectrographic analysis of the lead from 
the Bureau of Standards. 
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INTRODUCTION 

In general the proteins are insoluble in the most commonly used organic 
solvents, but there are known a few anhydrous and a larger number of 
mixed solvents which will dissolve many of the proteins. These solvents 
consist largely of a number of alcohols and hydroxy compounds, some 
aliphatic carbon acids, and certain not very closely related nitrogen com¬ 
pounds. The separation of the prolamines by alcohol mixtures is the best 
example of the use of a mixed solvent in protein chemistry. 

In the first paper of this series a study was made of the state of aggrega¬ 
tion of certain proteins in mixtures of urea and water and of glycerol and 
water (1). In this communication there will be presented the results of 
experiments on the electrochemical properties of protein solutions in the 
aliphatic carbon acids, formic, acetic, and lactic. 

glacial aliphatic CARBON ACIDS THAT ARE PROTEIN SOLVENTS 

Formic, acetic, lactic, and pyruvic acids have been reported to be solvents 
for proteins. The earlier literature of the subject contains the information 
that gelatin dissolves in glacial acetic and lactic acids (see ref. 12), that 
Mathewson (13) prepared solutions of gliadin in glacial acetic acid, and 
that Robertson (16) found that casein would dissolve in anhydrous formic 
acid with ease. A more systematic survey of the subject has recently been 
published by Loiseleur (10). In the course of the present work, most of 
Loiseleur^s observations were confirmed, but in a few instances there was a 
disagreement with his statements. With Loiseleur, it was observed that 
anhydrous formic acid readily dissolves most proteins in the cold, including 
such diverse members as gelatin, casein, fibrin, edestin, gliadin, egg albu¬ 
men, zein, etc. Apparently the only proteins not dissolved are certain of 
the keratins. 
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Loiseleur states that acetic acid dissolves gelatin in the cold and edestin 
on heating, but does not dissolve the other mentioned proteins. The only 
dry protein we were able to dissolve in acetic acid was gelatin, and in the 
course of this there was noted the paradox that solutions could be prepared 
and were stable when the gelatin concentration ■was above a certain critical 
value, but that it could not be brought into solution in concentrations below 
this critical level (9). Attempts to dissolve edestin in acetic acid were 
unsuccessful even after prolonged heating on a water bath. 

According to Loiseleur, propionic acid dissolves none of the proteins, but 
the substituted propionic acids, lactic and pyru'vic, readily dissolve many 
proteins. In our experience casein and edestin swell and slowly go into 
solution in lactic acid at room temperature. Heating markedly accelerates 
the rate of solution. Shreds of fibrin become hugely swollen in cold lactic 
acid, but only on being heated do they completely disperse. 

Ijoiseleur emphasizes the point that protein solutions in the organic 
acids do not have the usual properties characteristic of colloidal solutions 
in water. They are not turbid, do not foam, have a low viscosity, and are 
not coagulated by the protein precipitant acids, tannic, trichloroacetic, and 
picric, nor by salts of such heavy metals as iron, chromium, and lead. 
However, by merely diluting these organic acid protein solutions with 
water, the characteristic colloidal properties are at once restored. 

Because of these effects, Loiseleur takes the point of view that in the 
anhydrous solutions the proteins are actually in “true” solution. Just 
what is implied by this is somewhat ambiguous, since no further elabora¬ 
tion of the author’s conception of the distinction between true and col¬ 
loidal solutions is given. We assume it is implied that these acid solvents 
cause a disa^egation of the proteins into units of low molecular weight, 
since it is generally accepted that colloidal properties are associated with a 
high molecular size. If this hypothesis is correct, and it were possible to 
demonstrate that the proteins disaggregate into small units in any group 
of solvents, it is readily seen that it would be a matter of great importance 
for chemical theories of the structure of the proteins. One class of sub¬ 
stances, namely the soaps, is known to exist as aggregated colloidal 
micelles in aqueous solution and as simple molecules in alcoholic solution 
(11). If we interpret Loiseleur correctly, he views the change of properties 
from aqueous protein solutions to those in the glacial acids as a similar 
transformation. This conception is not completely novel. Similar sug¬ 
gestions have been proposed, for example, by Herzog and Kobel (7) and 
by Troensegaard and Schmidt (21). Experimental evidence for such a 
transformation was offered in what was supposed to be the low molecular 
weight, 200 to 600, obtained by freezing point measurements of proteins 
in phenol solution. However, Cohn and Conant (4), who reexamined the 
question, showed that the above measurements actually were in error owing 
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to the traces of moisture which were introduced with the protein samples. 
When this error is eliminated, no disaggregation of proteins in liquid phenol 
can be demonstrated. 

The claim that proteins dissolved in the aliphatic carbon acids lose all 
of their colloidal properties, moreover, is not completely correct. Concen¬ 
trated solutions of casein in formic acid, dissolved by heating, set to gels on 
cooling, and these solutions also show a distinct turbidity. One of the 
colloidal precipitants, phosphotungstic acid, is able to precipitate proteins 
even from formic acid. Moreover, the lack of the properties usually asso¬ 
ciated with colloidal solutions is not a sufficient criterion for invariably 
assuming a change in the state of aggregation. A similar lack of colloidal 
properties is found with protein solutions in concentrated urea, which also 
show no turbidity, do not foam, and arc not coagulated by heat. Yet, as 
was shown by Burk and Greenberg (1) and by Burk (2), many of the 
proteins have the same molecular size in urea as they do in aqueous solution. 

The experiments reported here w^ere undertaken because of their interest 
to the subject of the structure and the physicochemical state of the proteins, 
and also for their significance to theories of solubility. Since most of the 
solvent mixtures for proteins are weak acids or bases, it has been proposed 
that the solvent properties depend upon the formation of electrically 
charged protein ions by the interaction with the solvent acid or base. This 
is undoubtedly the case in many instances, but is by no means universally 
true. Burk and Greenberg have shown that urea does not act as a pro¬ 
tein solvent because of basic properties, and in this communication it will 
be shown that the same is true of certain of the glacial acids. 

EXPERIMENTAL 

The conductivities were measured by the Kohlrausch telephone method, 
using a General Radio Company oscillator as the alternating current 
source. The semi-micro cell of 2.5 ml. volume shown in figure 1 was 
employed in all the measurements. An interesting feature of the cell, 
aside from its size, is that the electrodes, indicated by in the drawing, 
were formed by spiraling 22 gauge platinum wire. These electrodes were 
coated with platinum black electrolytically, and the cell constant was 
determined against standard solutions of potassium chloride in the usual 
manner. The solvent materials used for preparing the solutions were as 
follows: Kahlbaum's 100 per cent formic acid, specific conductance about 
10“"^ mlios; Baker or Merckxs 85 per cent glacial lactic acid^ with a con¬ 
ductance of around 5 X 10*”® mhos; and Baker’s 99.5 per cent glacial acetic 
acid with a conductance of less than 10~^ mhos. 

The proteins used were purified preparations of low ash content. Casein 

* Completely anhydrous lactic acid cannot be used for solvent purposes, as it is 
a crystalline solid at ordinary temperatures. 
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was prepared by the method of Van Slyke and Baker (22), edestin by that 
of Osborne (14). The gelatin was an Eastman Kodak Company’s electro- 
lytically deashed preparation, and deaminized gelatin was prepared from 
this as described by Hitchcock (8). 

All of the protein concentrations are recorded in the tables on the basis of 
grams of dry protein per liter of solvent. Wherever necessary for this 
purpose, a correction has been applied for the moisture content of the 
protein. 

Conductivity measurements 

The conductivity data obtained in this investigation are recorded in 
tables 1 to 5. The observations in glacial lactic and acetic acid, which 



are given in table 1, may well be considered together, separately from tlie 
results in formic acid. 

The three proteins, casein, edestin, and gelatin, as noted in table 1, add 
practically nothing to the conductance of glacial lactic acid. In acetic 
acid, gelatin increases the conductivity to values more than a hundredfold 
that of the solvent, but even so, the magnitude of the conductance is 
comparatively small. The inference to be drawn from this is that the 
solvent power of these two acids for proteins is not dependent upon an 
ability on their part to react with the proteins to form protein ions. From 
the conductivity values of table 1, there can be no qu^tion regarding this 
view about lactic acid. However, to accept the same viewpoint for acetic 
acid, the increased conductance produced by gelatin, even though small, 
has to be explained. 
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That the increased conductivity in these solutions is probably not due to 
protein salt formation follows from the fact that the conductivity increases 

TABLE 1 


Specific conductivity of certain proteins in glcxial lactic and acetic acids 


CASEIN IN LACTIC ACID 

EDE8TIN IN LACTIC ACID 

OELATIN IN LACTIC ACID 

GELATIN IN ACETIC ACID 

Concen¬ 

tration 

1 

Specific 
conduc- 1 
tivity 

Concen¬ 

tration 

j 

Specific 

conductivity 

Concen¬ 

tration 

Specific 

conductivity 

Concen¬ 

tration 

Specific 

conductivity 

g. per liter 
of solvent 

mhoe X 10‘ 

g. per liter 
of aolveni 

mhoe X 10* 

g. per liter 
of solvent \ 

mhos X 10* 

g. per liter 
of solvent 

mhos X 10* 

0 

5.14 

0 

5.25 

0 

7 37 

0 

0.01 (about) 

2.80 

5.06 

2.85 

5.24 

4.30 

7.48 

27.0 

1.22 

6.65 

4.95 

5.70 

5.23 

8.60 

7.53 

36.0 

1.97 

8.45 

4.93 

8.55 

5.30 

13.00 

7.75 

45.0 

2 75 

11.25 

4 90 

11 40 

5.34 

17.30 

8.03 

54.0 

3 64 

14.05 

4.88 

14 25 

6.46 

21.60 

8.11 

63.0 

4 71 

16.90 

4.87 

17.10 

5.49 

26.00 

8.52 

72.0 

5.79 

19.70 

4.86 

19.95 

5.53 

30.30 

8.82 



22.50 

4 96 

22.80 

5.56 

36.10 

9.03 



25.30 

4.97 







28.15 

5.04 




1 




TABLE 2 


Conductivity of casein in formic acid 


CONCEN¬ 

TRATION 

X 

BPECIPIC 

CONDCC- 

TIVITT* 

EQUIVALENT 

CONCENTRATION 

N 990 (MEAN 

OP DYE TITRATION 
AND HEXONE 
BASE CONTENT) 

A 

CONCEN¬ 

TRATION 

X 

SPECIFIC 

CONDUC- 

TIVITYf 

EQUIVALENT 

CONCENTRATION 

JV - 990 (mean 

OF DYE TITRATION 
AND HEXONB 
BABE CONTENT) 

A 

Casein 1 

Casein II 

a. per 
liter of 
solvent 

mhos X 10* 


mhos 

g. per 
liter of 
solvent 

mhos X 10* 


mhos 

4.55 

17.3 

0.0046 

37.7 

1.90 

7.2 

0 0019 

38.0 

9.30 

37.6 

0.0094 

40.0 

4.70 

17.3 

0.0047 

36.8 

13.90 

55.1 

0 0140 

39.3 

9.45 

39.9 

0.0095 

42.0 

18.65 

73.2 

0.0187 

39.1 

14.15 

56.6 

0.0143 

39.6 

23.20 

BSI 

0.0235 

41.7 

18.90 

74.6 

0.0191 

39.1 

25.10 

mam 

0 0254 

41.5 

23.60 

91.6 

0.0239 

38.3 

27.85 


0.0282 

39.2 

28.30 


0.0286 

38.2 

32.50 

121.1 

0.0328 

36.7 

33.10 

126.7 

0 0334 

38.0 

89.10 

138.8 

0.0395 

35.2 

37.85 

mSSm 

0.0382 

36.8 

46.40 

169.8 

0.0470 

36.2 

47.20 


0 0477 

35.8 

56.70 


0.0563 

35.5 

56.65 

198.4 

0.0572 

34.7 


♦ Specific conductivity of solvent 14.0 X 10*^ mhos has been subtracted from 
the total. 

t Specific conductivity of solvent « 10.15 X 10“^ mhos has been subtracted from 
the total. 
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much more than proportionally to the gelatin concentration. Doubling 
the gelatin content produces about a threefold increase in conductance. 
This increase may well be due to the effect of the moisture added with the 
gelatin. In qualitative tests it was found that small quantities of water 
markedly increased the conductance of glacial acetic acid. The gelatin 
employed had a 10 per cent moisture content. 


TABLE 3 


Conductivity of edeatin in formic acid 


CONCBKTRATION 

X 

BPBCIFIC 

CONDUCTIVITY* 

EQUIVALENT 

CONCENTRATION 

N — 640 (dye 

TITRATION 

value) 

A 

equivalent 

CONCENTRATION 

AT-750 
(hexonb babe 

CONTENT) 

A 

g, per liter of 
solvent 

mhoa X 10^ 


mhos 


mhos 

4.75 

29.7 


40 1 


47.2 

9.50 

55.9 

0.0148 

37.8 

0.0127 

44.0 

14.25 

85.4 

0.0223 

38.3 


45.0 

19.00 

115.3 

0 0297 

38.9 

0 0254 

45.4 

23.80 

144 7 

0.0372 

38.9 

0 0318 

45 5 

28.50 

165 1 

0.0445 

37.1 

0.0380 

43.5 

33.30 

195.7 

0.0518 

37.8 

0 0444 

44 0 

38.10 

216.8 

0.0595 

36 5 

0 0508 

42.7 


* Specific conductivity of solvent = 10.15 X 10”* mhos has been subtracted from 
total. 


TABLE 4 


Conductivity of gelatin in formic acid 


j 

CONCENTRATION 

1 

X 

SPECIFIC CONDUCTIVITY* 

EQUIVALENT CONCEN¬ 
TRATION AT — 950 
(mean op DTE TITRATION 
AND HEXONB BASE 
CONTENT) 

A 

g. per liter of solvent 

mhos X 10* 


mhos 

9.0 

37.5 

0 0095 

39.5 

18.0 

77.0 

0.0190 

40.5 

27.0 

116 1 

0.0285 

40.8 

36.0 

151 9 

0 0379 

40.0 

45.0 

185.4 

0.0475 

39.0 

54.0 

217.1 

0.0568 

38.2 


* Specific conductivity of solvent « 10.8 X lO"*® mhos has been subtracted from 
the total. 


Even if it were granted that the conductivity increase is due to protein 
ionization, a rough calculation shows that the density of charge produced 
must be very small. Assuming the equivalent conductivity of gelatin 
acetate would be of the same order as of gelatin formate (table 4), it is 
calculable from the data of table 1 that the gelatin would have one equiva- 





PROTEIN SOLUTIONS IN GLACIAL ORGANIC ACIDS 


671 


lent of charge for each 75,000 to 100,000 grams. This figure can hardly 
be as much as one charge per protein molecule. From this evidence another 
explanation must be sought for the ability of lactic and acetic acids to 
dissolve proteins than through an interaction to form protein ions. The 
true explanation of the solvent power remains to be determined. 

Conductivity in formic acid 

On the other hand, it can hardly be doubted that formic acid reacts with 
proteins to give ionized protein salts. In tables 2 to 5 are recorded the 
conductivity values of solutions of casein, edestin, gelatin, and deaminized 
gelatin in 100 per cent glacial formic acid. These proteins all markedly 
increase the specific conductivity of the formic acid, the increase being 
nearly proportional to the amount of protein in solution. The casein 


TABLE 5 

Conductivity of deaminized gelatin in formic acid 


CONCENTRATION 

X 

HPECIFIC 

CONDUCTIVITY* 

EQUIVALENT 
( ONC'KNTBATION 

N « 1705 (dye 

HTHATION 

VALUE) 

A 

EQUIVALENT 

CONCENTRATION 

N = 1616 

(llEXONE BASE 
CONTENT) 

A 

g. per liter 
of solvent 

mhos X 10* 


mhos 


mhos 

10 0 

25.7 

0 0059 

43 6 

0 0066 

39 0 

20 0 

53 4 

0.0117 

45 6 

0 0132 

40.4 

30 0 

77.1 

0 0176 

43 8 

0 0198 

38 9 

40 0 

90 8 

0 0235 

38 6 

0 0264 

34 4 

50 0 

126 0 

0 0294 

42 9 

0 0331 

38.1 

60 0 

147 4 

0 0352 

41.9 

0 0397 

CO 

to 


• Specific conductivity of solvent = 10.8 X 10“^ mhos has been subtracted from 
the total. 


measurements were carried out on two separately prepared samples and in 
different lots of the solvent. The good agreement between the two series 
is evidence that the conductivity is an intrinsic property of the protein and 
not of any contamination therein. The magnitude of the conductivity 
values attained is quite considerable, being nearly of the same order as is 
found with solutions of the alkali and alkaline earth formates in formic 
acid. While the ionization reaction is probably no more essential to 
account for the solvent properties of formic acid than for the other organic 
acids, still it must be beneficial in this respect and it indicates why formic 
acid is a so much more powerful solvent than either lactic or acetic acid. 

To obtain a more quantitative picture of the electrochemical nature of 
the protein solutions, it is desirable to evaluate the values for the equivalent 
conductivity. But to obtain these physical quantities for the proteins in 
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formic acid is a problem offering formidable difficulties because of the 
uncertainty of the equivalent weights of the proteins.* 

We were aware of no means by which it would be possible to determine 
the equivalent weights of proteins in these solutions directly. The extent 
of the interaction between the proteins and formic acid is unknown, and 
in aqueous solutions of acid or alkali the equivalent weight of a protein is 
not a constant but instead varies with the pH, so an estimate is not readily 
obtained in this way. 

The only possible method of approach appears to be through the applica¬ 
tion of plausible assumptions regarding the equivalent weight, derived 
from other sources. With such an approach, to obtain what seemed a 
reasonable estimate of the equivalent weights, recourse was had to the 
following: From the many studies on the acid combination of proteins in 
aqueous solution, it has become probable that the maximum combining 
capacity in this medium is determined by the content of the amino acids, 
ai^inine, histidine, and lysine, in a protein. Chapman, Greenberg, and 
Schmidt (3) have shown that the titration of proteins with acid dyes is in 
good agreement with this view. Because of the huge excess of formic acid 
it may be reasoned that the basic groups of the proteins are completely 
neutralized in formic acid solution. Accordingly, it seems not improbable 
that the equivalent weight of a protein in formic acid solution may be 
measured by the value given by the content of arginine, histidine, and 
lysine or, what usually closely agrees with it, the dye titration figure. 

On the basis of this assumption, the equivalent conductivities of casein, 
edestin, gelatin, and deaminized gelatin were calculated from the content 
of the hexone bases as determined by Van Slyke (see ref. 3) and, where there 
was a significant difference, also from the dye titration data of Chapman, 
Greenberg, and Schmidt. The results of these calculations are incorpo¬ 
rated in tables 2 to 5 for each ol the proteins respectively under the columns 
designated by the symbol A. The equivalent weight chosen for casein in 
table 2 is 990, which is the average of the value from the dye titration of 
1000 and the hexone base content of 980. The equivalent weight of 950, 
chosen for gelatin (table 4), also is the mean of the figures from dye titra¬ 
tions and the hexone base content. For the other two proteins separate 
calculations are given, using values of equivalent weight derived from 
both of the above sources. 

The equivalent conductivity of all four measured proteins has nearly the 
same calculated values. This correspondence upholds the choice of the 
equivalent weights, since because of their closely related properties, it may 
well be expected that the mobility of the proteins in formic acid would be 

' ThiB is an illustration of the great importance which the equivalent weights 
have for the solution of electrochemical problems and of how baffling the formulation 
of the electrochemical state is without these constants. 
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virtually the same. An erroneous basis for the selection of the equivalent 
weights would be expected to lead to widely varying calculated values of 
A. The close correspondence in equivalent conductivity, it is true, is 
mainly determined by the high value of the mobility of formate ion in 
comparison with the mobilities of other ions in formic acid. The work of 
Schlesingcr and coworkers (19, 20) shows that a similar condition prevails 
among the alkali and alkaline earth formates. The magnitude of the equiv¬ 
alent conductances obtained with the proteins seems plausible when com¬ 
pared with the values for the alkali and alkaline earth formates. 

Most interesting are the results with gelatin and deaminized gelatin. 
The calculated values of the equivalent conductivities are about the same 
for each, and both agree well with the figures obtained for casein and 
edestin even though it is to be remembered that the equivalent weight of 
the deaminized gelatin has been deliberately altered by the removal of the 
e-amino group of lysine through interaction with nitrous acid. That the 
calculations based on this known change should give such harmonizing 
results is strongly in favor of the reasoning given here. 

The results obtained lead to the picture that the proteins in formic acid 
fonn ionizable salts rather analogous in electrochemical behavior to the 
alkali and alkaline earth formates in formic acid. The proteins behave in a 
manner that might be expected of formic acid salts of rather high valency. 

Electrical transference 

Since the conductivity curves of the proteins are not satisfactory for the 
purpose of evaluating the limiting equivalent conductivities at infinite 
dilutions, a number of electrical transference experiments were carried out 
to get at this data. The Hittorf method was employed in the first instance. 
The cell, with some slight modifications, was the type introduced by 
Landsteiner and Pauli (15). Five electrode portions were obtainable for 
analysis, but experience soon showed that only in the outermost anode and 
cathode portions was there produced any concentration change. The 
electrodes were of platinum wire and no correction was applied for the 
hydrogen evolved at the cathode and carbon dioxide at the anode, which 
have been shown by Schlesinger and Bunting (17) to be the main products 
of the electrode reactions. The current passing through the cell during the 
course of an experiment was measured with an iodine coulometer. A 
motor generator developing a d. c. current at a voltage of 250 supplied the 
current for electrolysis. 

Naturally, the change in formate ion was not measurable, so only the 
change in protein content could be followed. This was determined by 
Kjeldahl analysis of the nitrogen content. The results obtained on each 
of the proteins are given in table 7. As the table shows, very closely 
agreeing figures were obtained from both cathode and anode portions in 
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repeated experiments. From the transference numbers the A® values of 
the proteins shown in table 6 were calculated, using the value of 61.6 for 
the equivalent conductivity of formate ion as given by Schlesinger and 
Bunting (19). Compared to the figures in aqueous solution, the protein- 

TABLE 6 

Electrical transference of proteins in formic acid 
Temperature, 26°C. 

a. Casein 


BX- 

PBRI- 

MBNT 

NO. 

CASEIN 

CONCEN¬ 

TRATION 

COULOM- 

ETBR 

CURRENT 

1 

COMPART¬ 

MENT 

VOLUME 
OP COM¬ 
PARTMENT 

NITROGEN 
TITRATION 
CHANGE OP 
COMPART¬ 
MENT 

CASEIN CHANGE IN 
COMPARTMENT 

oaaein 


fif. per 
hter 


mtlli- 

equivalents 


ml. 

nullt- 

equivalents 

mg. 

equivalents 


1 

30.0 j 

r 

0.456 

Anode 

17.5 

0.443 

-42.4 

-0.043 

0 095 

i 

0.455 

Cathode 

17.0 

0.430 

+41.6 

+0 042 

0.092 

o 

30 0 1 

f 

1 065 

Anode 

19 6 

0 995 

-95 5 

-0.097 

0 090 

£t 

i 

1.065 

Cathode 

17.5 

1.025 

+07 5 

+0 099 

0 093 


Average 

A®"^oaiiein • 


0 093 
5.6 


b. Edestin 


EX¬ 

PERI¬ 

MENT 

NO. 

Eoxa- 

TIN 

CON- 

CBN- 

TRA- 

TION 

COULO- 

METER 

CUR¬ 

RENT 

COMPART¬ 

MENT 

VOL¬ 
UME ofI 
COM¬ 
PART- 1 
MBNT 

NITROGEN 

TITRATION 

CHANGE 

OP com¬ 
partment 

BDBS- 

TIN 

CHANGE 

IN com¬ 
part¬ 
ment 

edestin 

CHANGE 

N * 640 ! 

r^edpBtm 

EDESTIN 

CHANGE 

N - 760 



g.per * 
liter 

milli- 

equtv- 

valents 


ml. 

i 

mtlh- 

equivalents 

mg. 

m%lh‘ 

equivalents 


millf 

equivalents 


3 

27.0 

1.360 

Anode 

20.1 

1.68 

-121 

-0 189 

0.14 

-0 161 

0 12 

4 

28.6| 

0.775 

Anode 

18 8 

1 00 

-76, 

-0.1175 

0 15 

-0.1015 

0.135 

0.775 

Cathode 

18.6 

0 99 

+75 

+0.117 

0 15 

+0 1000 

0.13 

Avfipaire. 

0 15 


0.13 










A<H-....... 







9.0 


7.7 











c. Gelatin 


ex¬ 

peri¬ 

ment 

no. 

GELATIN 

CONCEN¬ 

TRATION 

COULOM- 

BTBR 

CURRENT 

COMPART¬ 

MENT 

VOLUME 
OP COM¬ 
PARTMENT 

NITROGEN 
TITRATION 
CHANGE OP 
COMPART- j 
MBNT 

GELATIN CHANGE IN 
COMPARTMENT 

N « WO 

r^geUtin 


g. per 
liter 

30 

30 

mtlli- 

equivalenie 

1.27 

1.27 

Anode 

Cathode 

ml. 

17.8 

16.4 

milli- 

equivalente 

0.554 

0.562 

mg, 

-153 

+144 

mtUi- 

equivalents 

-0.160 

+0.150 

0.125 

0.12 

Averacre. 

0.12 

7.2 


Uin. 
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TABLE 6— Concluded 


d. Deaminized gelatin 


sx- 

PBBI> 

unm 

NO. 

OSAMI- 

NIZED 

GELA¬ 

TIN 

CON- 

CBN- 

TBA- 

TION 

COULO- 

MBTER 

CUR¬ 

RENT 

COMPART¬ 

MENT 

VOL¬ 
UME OF 
COM¬ 
PART¬ 
MENT 

NITROGEN 
TITRATION 
CHANGE 
OF COM¬ 
PARTMENT 

DEAMI¬ 

NIZED 

GELA¬ 

TIN 

CHANGE 
IN COM¬ 
PART¬ 
MENT 

DEAMI¬ 

NIZED 

GELATIN 

CHANGE 

N - 1706 

T'^dearai- 

Diied 

gelatin 

DEAMI¬ 

NIZED 

GELATIN 

CHANGE 

N - 1516 

T^deami- 

niaed 

gelatin 


g per 
Ixler 

mtlh- 

euutv- 

alentn 


ml. 

equxmlenia 

mg. 

mtllt- 

equivalents 


mtlh- 

equivalents 



30 

1.27 

Anode 

16 8 

0 444 

-121 

-0 071 

0 056 

0 08 

0.063 

30 

1.27 

Cathode 

18 8 

0.419 

4-127 

40.0745 

0 059 

0 084 

0 066 

Avftrftcrp. . .. 

0.058 j 


0 064 

3 5 


d gelatin 

















TABLE 7 

Electromotive force cells and transference of sodium formate in formic acid 


Temperature « 25°C.; reference concentration = 0.147 molal sodium formate 


CONCENTRATION OF SODIUM FORMATE 

E 

(measured) 


j)er cent 

moles per liter of solvent 

volts 


0 10 

0 0147 

0 0286 

0 241 

0.15 

0 0220 

0 0236 

0.241 

0 20 

0 0294 

0 0197 

0 238 

0.25 

0 0367 

0 0164 

0 232 

0 30 

0 0441 

0 0142 

0.230 

0.35 

0 0514 

0 0123 

0 236 

0.40 

0 0588 

0 0110 

0.236 

0 45 

0 0662 

0 0090 

0.220 

1 00 

0 1470 

0 0000 j 


Average. 

0.236 




ion mobility in formic acid is astonishingly low, but it is quite concordant 
with the figures for the mobility of the cations of the alkali and alkaline earth 
elements in formic acid obtained by Schlesinger and associates. 

It was also attempted to determine the transference numbers of formic 
acid solutions through the use of electromotive force cells with transference. 
Since Hall and Conant (6) have shown that certain oxidation-reduction 
couples can be used to measure the hydrogen-ion activity in such non- 
aqueous solvents as acetic acid, it seemed not unlikely that the quin- 
hydrone electrode could be used for this purpose in formic acid. Tests 
showed that this electrode worked well in the presence of the alkali for¬ 
mates, but unfortunately, not with solutions of proteins in formic acid. 
This may be due to an interaction between quinone and the proteins, 
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similar to the reaction which occurs in the quinone leather tanning process 
(see ref. 23). 

Although no valid results were obtained with the proteins, the data 
obtained with sodium formate will be presented, since the method offers an 
independent means of obtaining such information that has hitherto, as far 
as we are aware, not been employed for non-aqueous solutions. 

The cell set-up for the measurements is given by the equation, 

Pt I Quinhydrone, [NaOOCHJi | [NaOOCH]*, Quinhydrone | Pt (1) 
El E$ El 

The electromotive force of this cell (6), as can be readily shown, is given by 
equation 2 below, provided the mass law relationship, [H+] [HCOO“] = k 
holds in formic acid. 


E = El - El El = 2T,~\ii 

t 


[NaOOCH], 

[NaOOCH], 


( 2 ) 


where Tc is the cation transference number. At 25®C., using numerical 
values of the constants, the equation becomes 


% 


E = 0.118 T. log 


[NaOOCH], 

[NaOOCH], 


(3) 


In carrying out the measurements, the liquid junction in the cell was 
established by plugging a stopcock which connected the two arms of the 
cell with cotton wool so that only a slow diffusion of liquid obtained. 
With this arrangement it was found that after a few minutes to allow for 
the attainment of diffusion equilibrium, a very steady and reproducible 
electromotive force was established. Since quinhydrone is quite soluble 
in formic acid, it was introduced just before the start of an experiment in 
amounts required to make the concentration in each arm of the cell the 
same. 

The results obtained with the sodium formate solutions are recorded in 
table 7. With the concentrations of sodium formate employed of between 
0.0147 and 0.066 molal, the transference numbers found for sodium ion are 
reasonably constant. The average value of 0.236 for the sodium ion 
transference number, while not identical with the value of 0.22 obtained 
by Schlesinger and Bunting by the Hittorf method, is perhaps in as good 
agreement as might reasonably be expected, since no great degree of refine¬ 
ment marks the results by either procedure. 


BUMMART 

1. Measurements of the conductivity of solutions of proteins in the glacial 
carbon acids, lactic, acetic, and formic have been carried out. In lactic 
and acetic acids this is increased but little. On the other hand, a marked 
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conductivity increase is produced in anhydrous formic acid, so that the 
solutions become nearly as good conductors as are solutions of the alkali 
and alkaline earth formates in formic acid. 

2. On the basis of certain plausible appearing assumptions the equiva¬ 
lent conductivity of the proteins casein, cdestin, gelatin, and deaminized 
gelatin in formic acid has been calculated. 

3. Transference numbers of the protein formates have been determined 
by the Hittorf method. The results of the conductivity and transference 
measurements lead to the picture that the proteins in formic acid form 
ionizable salts having electrochemical properties which would be expected 
of formic acid salts of rather high valency. 

4. Measurements of the transference numbers of sodium formate in 
formic acid have been carried out by means of an electromotive force cell 
with transference. 

5. The solvent action of the three glacial acids used in this work for 
proteins does not appear to be particularly dependent upon their ability 
to form electrically charged protein ions. 

REFERENCES 

(1) Burk, N. F., and Greenberg, D. M.: J. Biol. Chem. 87, 197 (1930). 

(2) Burk, N. F.: J. Biol. Chem. 98, 353 (1932). 

(3) Chapman, L. M., Greenberg, D. M., and Schmidt, C. L. A.: J. Biol. Chem. 

72, 707 (1927). 

(4) Cohn, E. J,, and Conant, J. B.: Z. physiol. Chem. 169, 93 (1926). 

(5) Creighton, H. J.: Electrochemistry, 2nd edition. John Wiley and Sons, New 

York (1928) 

(6) Hall, N. F., and Conant, J. B,: J, Am. Chem. Soc. 49, 3047, 3062 (1927). 

(7) Herzog, R. 0., and Kobel, M.: Z. physiol. Chem. 134, 296 (1924). 

(8) Hitchcock, D. I.: J. Gen. Physiol. 4, 733 (1921-22). 

(9) Larson, C. E,, and Greenberg, D. M.: J. Am. Chem. Soc. 66, 2798 (1933). 

(10) Loiseleur, j.: Bull. soc. chim. biol. 14, 1088 (1932). 

(11) McBain, j. W. : Third Report on Colloid Chemistry, Brit. Assn. Adv. Sci., 

1920, p. 2. 

(12) Mardleh, E. W. j.: Biochem. J. 18, 215 (1924). 

(13) Mathewson, W. F.: J. Am. Chem. Soc. 28, 1482 (1906). 

(14) Osborne, T. B.: Am. Chem. J. 16, 671 (1892). 

(15) Pauli, W., and Valko, E.: Elektroehemie der Kolloide, p. 152. Julius 

Springer, Vienna (1929). 

(16) Robertson, T. B.; J. Phys. Chem. 16, 387 (1911). 

(17) ScHLESiNGER, H. I., AND Bunting, E. N.: J. Am. Chem. Soc. 41, 1934 (1919), 

(18) Schlbsinger, H. I., and Coleman, C.: J. Am. Chem. Soc. 38, 271 (1916). 

(19) SciiLESiNGER, H. I , AND Martin, A. W.: J. Am. Chem. Soc. 36, 1689 (1914). 

(20) Schlebingek, H. L, and Mullinix, R. D.: J. Am. Chem. Soc. 41, 72 (1919). 

(21) Troensegaard, N., and Schmidt, J.: Z. physiol. Chem. 133, 116 (1924). 

(22) Van Slyke, L. L., and Baker, J. C.; J. Biol. Chem. 36, 127 (1918). 

(23) Wilson, J. A.: The Chemistry of Leather Manufacture, Am. Chem. Soc. Mono¬ 

graph, 2nd edition, Volume II, p. 748. The Chemical Catalog Co., New 
York (1929). 




THE ADSORPITON OF THE VAPORS OF CERTAIN KETONES 
AND ESTERS BY ACTIVATED CHARCOAL* 


J. N. PEARCE AND A. C. HANSON 

Physical Chemistry Laboratoryy The State University of lowa^ Iowa Cityy Iowa 
Received September 17y 19Si 

Pi'evious investigations (4) have dealt with the adsorption of vapors of 
various types by activated charcoal. These have been studied with 
special reference to the influence of the position and the nature of substitu¬ 
ent groups in the vapor molecules upon adsorption magnitudes. In this 
paper wc present the results obtained in the study of the adsorption of 
certain ketone and ester vapors by charcoal. If these are considered in 
conjunction with the vapors of ethers previously studied (6), we have 
three types of oxygen compounds to consider, namely, 

R' 



The mobility of the molecules on an adsorbing surface supports the view 
that adsorption is a phenomenon due to physical attraction. These 
forces may be simply van der Waals forces or they may be of an electrical 
nature, depending upon the dipole nature of the vapor molecules. Under 
the influence of the powerful surface forces the molecular dipoles will be 
definitely oriented and attracted by the surface atoms. 

According to Eucken and Meyer (2), the dipole moment of a molecule 
is the vector sum of the partial moments of the individual linkages of the 


^ A brief extract of a dissertation presented by Arthur C. Hanson to the Graduate 
College of the State University of Iowa in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy. 
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atonis in the molecule. They have calculated the moments of the follow 
ing t}^ical linkages: 

Linkages. H— C H— 0 0=0 C—C C— OH C— 

/i X 10“ E.S.U. 0.4 1.6 2.3 0.7 1.6 1.0 

They have added vectorially the four moments in the ester molecule, 
R- COO-R', and they have found the moments for formulas I and II to be 
3.4 X 10““ and 1.1 X 10““ e.s.u., respectively. Since the moment of the 
H— (C) should be the same as that of CHj—(C), or of CHj- [CHjJn —(C), 
the moments should be independent of the nature of the radical R, pro¬ 
vided it consists of hydrogen atoms, or of alkyl groups only. 

Except as modified by the remaining linkage moments, the C=0 mo¬ 
ment is the one specifically active in the adsorption of ketone vapors. Its 
value should be affected considerably by the presence and the manner of 
rotation of the R — 0 — dipoles in the ester molecule. The moments of the 
fatty acids are approximately 1.4 X 10““ and of most esters about 1.8 X 
10““ E.s.u. 

According to Debye (1), the two possible angles between the two H—O 
linkages of the water molecule are 64° and 110°, respectively; the corre¬ 
sponding moments calculated for these angular dimensions are 1.34 X 10““ 
and 4.34 X 10““ e.s.u. The actual observed moment lies between these 
at about 1.8 X 10““. It is conceivable that by repulsion between substi¬ 
tuted groups the moments of the ether molecules, R 2 O, should be different 
from that of their prototype, H 2 O, and yet be only slightly affected by the 
eise of the alkyl groups. 

With these considerations in mind, it should be quite evident that 
w'hether we consider the ethers, the ketones, or the esters separately as a 
class, the magnitude of the adsorption due to the dipole moment will be 
but slightly modified by the complexity of the molecules of the given type. 

While the moments of the molecules are undoubtedly effective in adsorp¬ 
tion, the relative amounts adsorbed for the different vapors of any one class 
will depend to a large degree upon certain other physical properties. 
Among these are the cross-sectional area of the molecules, the ease of 
condensation, or the boiling points of the pure liquids, and the van der 
Waals constants “a.” 

If it is assumed that the vector moment is the same in the ether and 
ketone molecules oriented at the surface, it is evident that the surface 
covering power of dimethyl ether should be practically the same as that of 
dimethyl ketone. The surface covering power of either one must be less 
than that of the corresponding diethyl compound. With either type the 
covering power must increase with increase in the complexity of the substi¬ 
tuted alkyl groups. 
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In SO far as the previous work has shown, the adsorption of any vapor at 
low pressures is greater the higher the boiling point of the pure liquid. 

TABLE 1 

The adsorption of acetone vapor by charcoal at various temperatures 


At O'C. 


p . 

x/m ... 

0.00 
12 23 

0.00 

25.40 

0.20 0.55 
60 88 75.45 

1 24 
85.48 

3.52 

94.20 

5.16 
97 94 

12.41 
102 80 

28.19 

109.06 

33 69 
110.64 

44,87 

114.59 

50 58 
116 90 

P . 

x/m ... 

61.00 

120.87 

64 58 
122.74 

70.08 

131.67 










At 40°C. 


P . 

0.10 

0 

.35 

0 

55 

0 

69 

0 

79 

1 

.55 

2.28 

3 

52 

1 4 

46 

9.03 

12.02 

x/m.. .. 

6 33 

20 

17 

25 

48 

31 

,10 

34 

74 

45 

57 

60 65 

67 

59 

72 

.28 

83.13 

86 93 

P . 

i 18 02 

24 

07 

27 

00 

37 

72 

52 

12 

78 

42 

89.89 

154 

47 

243 

51 

288.68 


x/m 

91.83 

95 

28 

96 

10 

99 

34 

101 

45 

104 

36 

105 49 

109 

.62 

114 

48 

116 51 


P . 

337.92 

388 

26 

420 

91 

421 

50 

412 

17 










x/m .... 

119 29 

121 

26 

128 

10 

129 

74 

122 

93 






[ 





At 56.3“C. 



P . 

1.09 

1.84 

4.17 

8.79 

15.29 

17.52 

32.61 

39.21 

56.58 

68.72 75.60 

86.82 

x/m.. 

5.88 

7.76 

13.77 

22.90 

31 36 

33.68 

44 74l 

47.67 

53.85 

56.05 62.80 66.15 

p .... 

88.00 

88,45 

112.77 

137.49 

169.01 

183 60 

204.10 

233 59 

288.09 

358 12422.64 

1 

x/m .. 

66.56 

66.56 

71.38 

75.06 

77.94 

79 21 

80.73 

82.35 

84.49 

86.95 89 58 




Here, also, the cross-sectional area exerts a specific influence. The first 
molecules admitted to the surface are adsorbed without definite arrange- 
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ment with respect to the surface atoms. Before the surface can become 
completely covered at saturation there must be a movement of the mole¬ 
cules along the surface, or a rotation about their points of attachment. 
For this reason more time is required for the attainment of adsorption 
equilibrium (5), and this influence will be greater, the greater the cross- 
section and the complexity of the molecules. 

TABLE 2 

The adsorption of methyl ethyl ketone vapor by charcoal at various temperatures 


At 0°C. 


V . 

0.00 

0.00 

0.25 

0.74 

0,86 

2.45 

3.92 

6.50 

8.28 

12.25 

17.99 

21.21 

x/m . 

43.47 

44.22 

60.98 

83.50 

83.72 

89.39 

91.91 

94.26 

96.17 

98.40 

102.79 

105.85 

V . 

24.93 

25.27 











x/m . 

108.43 

112 91 












At 60“C. 




3.12 

3.72 

5.95 

8.72 



65.36 


220 30 


295.92 


■ 

53.73 


64.04 

67.72 

s 


84.56 


92.50 


96.08 


At 79.5°C. 


P . 

0.15 

0.60 

1.85 

5.75 

8.42 

9.32 

19.28 

29.68 

52,77 

105.47 

172.40 

237.20 

x/m . 

9.98 

19.66 

35.34 

50.04 

56.54 

57.00 

65.27 

69.44 

72.95 

76.80 

80 00 

81 88 

P . 

279.27 

297.43 











x/m . 

83.33 

85.57 












At 139.15'’C. 


P . 

4 71 

13.33 

24.25 

43.31 

62.69 

63.23 

91.97 

98.11 

98.56 

125.56 

165 56 

184.94 

x/m . 

16 86 

27.60 

36.45 

45.63 

51.24 

51.31 

55.97 

56.96 

57.36 

59.95 

62.94 

64.11 

P . 

x/m . 

274.34 

68.45 

298.22 

76.65 


At 181.2*0. 


P . 

6 84 

20.05 

39.84 

82.41 

139.35 

217.70 

275.92 

295.20 

x/m . 

9.59 

21.03 

30.33 

37.54 

45.19 

51.49 

54.41 

55.03 


The apparatus, charcoal, and the technique involved are the same as that 
employed in all of the previous work. The ketones and esters were East¬ 
man’s products of highest purity. They were further purified according 
to approved standard methods and several times fractionally distilled, 
using the apparatus designed by Loveless (3). Only the final middle frac- 
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tioDS distilling over within a range of 0.01° to 0.10°C. at the correct boiling 
point were used. 

The complete experimental data, including all duplicate series, arc 
collected in the following tables. In these p is the equilibrium pressure 

TABLE 3 

The adsorption of diethyl acetone vapor by charcoal at various temperatures 


At ()”C. 


V . 

0 ()0 

0.30 

0.64 

1.30 

1 65 

5.35 

7 91 

9 61 

9 68 

x/in . 

40 18| 

73.43 

76 40 

81.66 

83.28 

88 39 

91 49 

97.39 

98.85 


At 40°C. 


V . 

0 00 

0 10 

0 35 

0 70 

2 61 

4 43 

11 68 

16 93 

21 39 

28.13 

30 08 

x/m . 

24.09 

34 39 

50 18 

55 09 

65 31 

68 68 

74.22 

76.19 

77.31 

78 83 

79.23 

V . 

31 87 

53 02' 

56 14 

63 74 

68 45| 

70 49 

95 20 

120 15 

120 68 



x/m 

79 60 

83 61 

1 1 

84.32 

85 62| 

1 

86 35 

1 

87 35 

90 85 

95 30 

97.72 




At 99.4°C. 


V . 

0 35 

0 84 

1 78 

1 95 

4 02 

5 43 

9 81 

10.79 

14.42 

23 06 

x/m .. .. 

28 00 

35.19 

42 34 

43 16 

49 57 

52 45 

57 65 

58 3(> 

60 29 

62.93 

V . 

24 89 

36 22 

69 28 

93 90 

115 46 

119 77 





x/m .! 

63 28 

65 11 

67 87 

69 25 

70 15 

72 62 






At 139.09°C. 


V . 

0.40 

1.55 

2.79 

5 85 

5.92 

6 95 

8.68 

11.01 

14 

42 

16 

67 

19 

00 

x/m .... 

10 34 

21 19 

28 68 

37 25 

39 66 

39.66 

42 57 

45 62 

48 

57 

49 

66 

51 

38 

V . 

21.82 

34.04 

39.15 

59.02 

90.00 

117 94 

118 68 








x/m .... 

52 49 

55.02 

55.48 

57.36 

60.30 

62.26 

64.37 









At 182.4‘’C. 


V . 

0 80 

1.88 

4.08 

5.49 

9 06 

10 40 

15 61 

22.30 

26.22 

39 62 

50.64 

x/m . 

9 73 

15.43 

21 58 

24.58 

29.87 

31.01 

34 95 

38 03 

39 06 

43 60 

45.64 

P . 

77 31 

102 03 

114 08 

119.70 








x/m . 

49.17 

51.38 

53 09 

55.40 









in millimeters and x/m is the number of cubic centimeters (N.T.P.) of 
vapor adsorbed by 1 g. of charcoal. 

For want of a better method we have made use of the Langmuir equation 
for adsorption on a plane surface and we have plotted the values of p/(xfm) 
against the corresponding pressures, p. The Langmuir isotherms thus 
obtained for low pressures at various temperatures are shown in figures 1 
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and 2; those for the boiling points at higher pressures are shown in figure 3. 
Within the range indicated by the experimental points, the Langmuir 
equation satisfactorily expresses the adsorption relations. At still higher 
pressures, however, the experimental points deviate widely from the 
straight line plot. 

The influence of the structure and molecular complexity of the ether, 
ketone, and ester vapor molecules is perhaps best shown by the natural 
boiling point isotherms, x/m = op". At the boiling point the tendency 

TABLE 4 

The adsorption of ethyl formate vapor by charcoal at various temperatures 


At O'C. 


p . 

0.10 

0.20 

0.60 

2.981 

7.25 

12.91 

21.94 

30.58 

40.95 

50.33 

59.47 

69.94 

x/m .... 

37.79 

60.69 

S2.01 

92.61 

96.96 

90.47 

102.39 

104.74 

107.65 

110.27 

112.53 

114.55 

P . 

73.41 












x/m .... 

117.88 













At 40'*C. 








IHlii 













ETiVri 


l*1jV7n 










FTIyjPm 











luSWisl 







At 64.4"C. 


P . 

0.30 

0.50 

1.09 

1.24 

2.43 

3.91 

4.21 

7.53 


12.82 


x/m . 

9.S0 

13.52 




44.28 

46.42 

56.76 

61.63| 

65.52 

69.75 

P . 

25.05 

33.52 

47.53 




176.56 

224.94 

243.25 



x/m . 

74.74 

78.55 

81.51 

84.75 

86.27 

87.55 

91.13 

92.62 

93.68 



P . 

371.84 

464.97 










x/m . 

96.82 

98.21 

iS 










(rf the vapors to condense is practically eliminated. The only forces 
prevailing are those between the adsorbent and the vapor molecules and 
the van der Waals forces between the molecules in the vapor phase. 

The natural boiling point isotherms, figure 4, show definite charac¬ 
teristic regularities. Ethyl formate is less adsorbed at all pressures than 
is methyl acetate. At pressures below 0.2 mm. the order of increasing 
adsorption for the acetate vapors is: methyl < ethyl < propyl. At 
higher pressures the order is exactly reversed. Methyl propionate is less 
adsorbed than are ethyl and propyl acetates at pressure below 0.8 mm.; 
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it is more highly adsorbed than methyl acetate below 1.5 mm. The 
higher boiling n-propyl acetate is the most highly adsorbed of all the esters 


TABLE 5 

The adsorption of methyl acetate vapor by charcoal at various temperatures 


At 0°C. 


V . 

0.10 

0.20 

0.35 

0.40 

2.38 

6 16 

16 08 

16.63 

33.31 

48.50 

55.40 

x/m . 

38.94 

59.99 

71.10 

78.71 

92.66 

97.61 

102 94 

103.05 

108.75 

114.11 

115.95 

V . 

59.56 

63.04 

63.34 









x/m . 

116.65 

123.81 

123.12 










At 40“C. 


V . 



1.29 

5.91 

7.15 

23.08 

26.91 

54.26 

78.43 

125.84 

x/m . 


35.51 

54.07 

75.42 

77.59 

87.98 

88.64 

92.91 

95.25 

97.88 

V . 


m 


332.671 

360.69 

391.44 

394.94 




x/m . 


in 



110.26 

112.65 

121.08 





At 67.10'’C. 


P . 


0.94 

3.67 

7.13 

17.39 

24.91 

40.96 

71.22 

109.26 

258.99 

x/m . 

6.52 

35.96 

55.88 

65.24 

76.49 

81.41 

85.82 

88.79 

91.29 

96.59 

P . 

351.66 

428.08 

447.96 

573.13 

754.03 






x/fn . 

99.08 

101.21 

101.89 

105.66 

110.91 







At 99.71'’C. 


P . 

1.04 

3.20 

12.75 

16.03 

28,69 

43.18 

60.46 

76.14 

129.40 

184.25 

x/m . 

13.12 

22.70 

41 50 

43.75 

52.66 

58.91 

63.74 

66 81 

72.20 

76.55 

P . 

244.16 

310 98 

380.27 

402.26 







x/m . 

79.01 

81.56 

82.98 

85.52 

i 

i 


i 





At 139.46°C. 


6.16 

■ 


09 

WM 


{Qjl 


261.34 


376.55 

16.14 

m 







65.93 

1 

68.97 

70.07 


at low and least at high pressures. The order of adsorption of all the esters 
at pressures below 0.8 mm. is 

Ester.n-AcOPr > AcOEt > PrOMe > AcOMe > FOEt 

a X 10‘(atms.)*_5144 4076 4027 3137 3128 

M X 10“ (e.8.u.)...1.78 1.81 1.69 1 76 1.92 

* The van der Waals constants, o, were taken from or calculated by formulas given 
in Landolt-Bdmstein, Physikalische-Chcmische Tabellen, 6th edition, Vol. I, p. 263. 
Springer, Berlin (1923). 
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TABLE 6 

The adsorption of ethyl acetate vapor by charcoal at various temperatures 


AtO-C. 


p . 

0 00 

0 05 

0.10 

0.30 

0.40 

2.63 

2 98 

6 30 

9.58 

10.82 

15.88 

x/m . 

17.06 

34.28 

40.13 

66.88 

75.21 

81.59 

82.36 

85.08 

87.69 

88.60 

91.97 

P . 

17.37 

20.50 

24.47 









x/m . 

92.85 

94.09 

99.01 










At 


P . 

0 00 

0.06 

0.10 

0.50 

0 98 

1.24 

1.54 

8.49 

14.74 

15.19 

32.41 

x/m . 

6 90 

20 39 

21.68 

47.54 

30 86 

63 69 

64.57 

71.92 

75.26 

75.55 

78.50 

V . 

43 09 

49.64 

50 13 

83.39 

104 34 

111 58 

117.14 

135 36 

141.81 



x/m . 

79.26 

79 99 

80.33 

83.12 

84 60 

85 62 

85 37 

87.83 

87.88 



P . 

143 29 

166.58 

183.66 









x/m . 

88 36 

89.91 

91.29 










At 76.06“C. 


P . 

0 05 

0.20 

0 25 

0.35 

0 89 

3.18 

4 67 

9.78 

18.47 

48.15 

x/m. . . 

7 93 

18.25 

21.85 

29.46 

38 56 

52.32 

55.63 

61.39 

66 03 

70 30 

P .’ 

50.48 

100.37 

115.06 

150.30 

180.88 

184 95 





x/m . 

70.54 

73.49 

74.15 

75.21 

76.50 

77 48 






At 99.48°C. 


P . 

0.40 

1 54 

3 97 

8.34 

20.95 

33.01 

41.40 

67.21 

115.80 

132 08 

x/m .... 

19 24 

31.02 

40.41 

47.49 

55.35 

58 67 

60.28 

63.27 

66 03 

66.64 

P . 

153 68 

174 03 

186 64 








x/m .... 

67.27 

67.89 

69.24 









At 139.48°C. 


P . 

0.30 

2.98 

6.16 

13.01 

22.24 

40.75 

48.25 

48.60 

58 22 

87.51 

x/m . 

13.55 

22.61 

28.15 

34.51 

40.83 

46.25 

48.33 

48.76 

50.20 

53.23 

P . 

122.90 

142.86 

167 33 

178.59 

189.66 






x/m . 

55.56 

1 

57.07 

58.08 

58 37 

61.57 







At 180.63'’C. 


P . 

1.49 

6.01 

16,13 

37.92 

66.51 

85.23 

141.02 

170,01 

191.65 

z/m . 

9.61 

18.34 

27.05 

1 

36.00 

41.78 

44.41 

49.15 

50.68 

53.24 


This is exactly the order of decreasing boiling points of the liquids; it is also 
the same order as that of the van der Waals constants. 
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The order of adsorption at higher pressures is 

Ester.AcOMc > FOEt > AcOEt > PrOMo > AcOPr 

a X 10Matms.)..3137 3128 4076 4027 5144 

With slight variations due to cross-sectional influences the order here is the 
reverse of the order of increasing values of the van der Waals a, 

TABLE 7 

The adsorption of n-propyl acetate vapor by charcoal at various temperatures 


At 0®C. 


®. 

0 00 

0 00 

1 09 

3 77i 

6.54 

7.83 

x/m . 

24 85 

52 27 

68 52 

73 23 

76 48 

79 98 


At 40°C. 


V . 

0 00 

0 00 

0 20 

0 30 

0 50 

1 04 

2 03 

5 26 

10 67 

17.27 

x/yn. 

19.72 

26.13 

37 94 

52 34 

54 63 

58.17 

59 86 

63 33 

65 23 

66 70 

V . 

22 63 

28 09 

34 50 

38 77 

44 52 

55 19 

58 27 

67 60 

69 09 

71 08 

x/m .... 

67 88 

68 8669.72 

70 79 

71.21 

73.25 

73.72 

74 74 

75 17 

76.95 


At 99.54*’C. 


p . 

o 

o 

0 64 

1 88 

5 55 

11.45 

25.96 

55 20 

[ 75.32 

94 00 

115.85 

116 54 

x/m .... ' 

1 

16.00 

29 87 

41 43 

47.96 

51 50 

54 83 

57 38 

58.35 

59.29 

60 51 

62 00 


At 139.53°C. 


®. 

0.25 

0 74 

2 53 

4 66 

11.50 

35 78 

61 84 

79 78 

100 69 

116 54 

x/m . 

11.02 

20 08 

28 94 

33.52 

40 62 

47 12 

49 82 

50.88 

51 98 

52 96 



At 181.54°C. 


V . 

0.50 

1.19 

3.22 

7.68 

10.36 

15.36 

28.24 

47.12 

68.98 

101.38 

117.93 

x/m . 

5.69 

11.13 

16.92 

23 20 

25 11 

28 38 

33 28 

36.71 

39 32 

41 20 

42.99 


Similar relations also were found to exist for the adsorption of ketone 
and ether vapors. The order of adsorption at low pressures is 


Ketones. Et 2 CO > EtCOMe > Me 2 CO 

a X 10® (atms.) 

p X 10^®E.s.u . 2.74 2.74 

Ethers. Pr20 > Et20 > Me20 

a X 10®. 3464 1609 

ju X 10^®. 1.14 1.29 
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TABLE 8 

The adsorption of methyl propionate vapor by charcoal at various temperatures 


At O-’C. 


p . 




nn 

0.25 



2.98 

7.89 

9.78 


x/m . 

14.94 

29.99 

56.86 

iQ 

67.87 

76.68 

77.77 

82.23 

86.43 

87.59 


P . 

17.72 

18.81 

21.94 

22.14 








x/m . 

92.79 

93.26 

95.74 

98.51 









At 40“C. 


P . 






7.15 


37.28 

64.66 

74.65 

98.08 

x/m . 

16.41 

33.31 

48.30 

61.16 


73.33 

78.21 

79.63 

81.47 

83.32 

85.63 

P . 

127.72 

156.21 

168.91 









x/m . 

88.25 

90.63 

93.18 










At 79.85“C. 


p . 

0.15 

0.45 

1.74 

3.03 

7.00 

8.84 

11.17 

18.96 

33.21 

45.77 

60.26 

x/m . 

11.20 

24.85 

43.87 

49.78 

57.25 

59.10 

60.90 

64.30 

67.52 

68.92 

69.99 

P . 

93.47 

108.90 

123.80 

153.13 

168.22 







x/m . 

71.82 

72.63 

73.09 

74.04 

76.52 








At 99.88'’C. 



P . 



2.13 

4.27 

6.35 

12.56 

17.77 

25.07 

31.22 


48.25 

x/m . 

8.25 


18.54 

24.51 

27.87 

34.97 

38.16 

41.96 



48.31 

P . 


87.16 



146.53 


174.87 











58.22 

59.48 






TABLE 9 


Heats of adsorption calculated from the isosteres 


VAPOB 

AH 

VAPOR 

AH 

Acetone... 

col, 

-10690 

-11224 

-11020 

-13140 

Methyl acetate. 

oal. 

-11520 

-11960 

-13200 

-14030 

Methyl ethyl ketone. 

Diethyl ketone. 

Ethyl formate. 

Ethyl acetate. 

n-Propyl acetate. 

Methyl propionate. 
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Fio. 3. Langmuir Boiling Point Isotherms 
1 , Acetone; 2, methyl ethyl ketone; 3, diethyl ketone; 4, methyl acetate; 5, ethyl 
fonnate; 6, ethyl acetate; 7, methyl propionate. 
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For both the ketones and the ethers the order is again reversed at high 
pressures. The values of a for the ketones are not available, but they 
should increase with increase in molecular complexity. 

The relations obtained from the study of the natural boiling point iso¬ 
therms appear to permit two definite conclusions: first, for all vapors of 
any one class the magnitude of the adsorption is directly dependent upon 
the van der Waals constant a; second, the magnitude of adsorption is 
independent of the dipole strength of the vapor molecules, or their influence 
is masked by other factors. 

The isosteres were plotted for the ketone and ester vapors. With the 
exception of the lowest concentration, the experimental points fall exceed¬ 
ingly well upon straight parallel lines. The heats of adsorption calculated 
from the slopes of the isosteres are given in table 9. 

SITMMAIIY 

The adsorption of certain ketone and ester vapors hy activated charcoal 
has been measured at several temperatures between 0°C. and 182®C. 

The Langmuir equation for adsorption on plane surfaces applies for 
pressures up to approximately 200 mm. 

For any series the amount of vapor adsorbed at low pressures is always 
greatest for the vapor having the highest boiling point; it is less for the 
simpler low-boiling liquids. At higher pressures the order of adsorption 
is reversed. Adsorption increases with increase in the value of the van der 
Waals a, and it appears to be independent of the dipole strength of the vapor 
molecules. 

The heats of adsorption have been calculated from the slopes of the 
isosteres. 
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THE SURFACE BEHAVIOR OF ZEOLITES 

V. R. DAMERELL and R. CABLE 
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Received January 19S5 

The authors wished to study the surface behavior of zeolites during 
dehydration by the method previously applied to aged hydrous alumina 
(2). Accordingly the water content of samples of scolecite and analcite of 
different average particle sizes was determined under the same conditions. 
The large particle samples (3 X 10® cm.® apparent surface per gram) and 
small particle samples (5 X 10® cm.® apparent surface per gram) were kept 
in weighing bottles in a desiccator at various temperatures and vapor 
pressures. A few^ of the many results obtained are given in table 1. As 
far as the authors could tell these were all equilibrium values, w’ith the 
exception of sample g, since the w^ater content-time curve had become level. 

These results become of special interest when applied to the equation 
derived earlier (1) 

c = {wtwj — u\wi)/{wi + wj — le* — Wi) 

Wi and represent w ater percentages contained by a pair of zeolite samples 
(large and small particles) at a given temperature and vapor pressure, ivi' 
and u’/ represent the percentages of water in the same tw^o samples under 
different conditions, c will then be the calculated percentage of whaler in 
the zeolite when no w ater adsorption has taken place. Several values for r 
are given in table 2. 

Several interesting conclusions can be drawn from these results. The c 
values for scolecite are remarkable for their constancy. This fact, coupled 
with the data in table 1, leads to the conclusion that the w^ater variation 
of this zeolite wns due to a change in surface adsorbed w’ater. The w^ater 
content within the scolecite lattice did not change appreciably under the 
conditions of the experiment. 

The c values for analcite are also essentially constant. From the data in 
table 1 the change in water content at the higher vapor pressures was 
essentially due to a change in positively adsorbed surface water. But at 
the lower vapor pressure the water content of the small particle analcite 
sample is lower than that of the large particle sample. This fact, together 
with the calculated c values, clearly indicates that a surface dehydration 
took place. Water w as lost from the surface portions of the zeolite lattice, 
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forming a zone of skeleton lattice at the surface of the particles. As far as 
present experiments could show, this was an equilibrium condition. 

This case of surface dehydration is an example, on a larger scale, of what 
the authors believe happens during the dehydration of hydrates and related 
compounds. It seems likely that with such compounds a condition of 
surface dehydration may be a stable one, in which true equilibrium can be 
reached. This conception is discussed more completely in an earlier 
paper (2). 


TABLE 1 


Water content of zeolites under various conditions 


ZEOLITE 

PAIR 

WATER PEHCENTAOB 

StJDSTANCB IN 
DESICCATOR 

TEMPER* 

ATHRE 

“C. 

jUrge 

particlo 

Small 

particle 

Scolecite. 

a 

16 09 

16 34 

CuS04-5H20 

23 

Scolecite. 

b 

16.15 

16.44 

Na 2 HP 04 - 12 H 20 

24 

Scolecite. 

c 

15.78 

15.90 

BaO 

50 

Scolecite. 

d 

15 56 

15.58 

BaO 

126 

Anal cite . 

e 

9 388 

9 402 

CuS04-5H2() 

24 

Analcite. 

f 

9.491 

9.512 

Na 2 HP 04 - 12 H 20 

23 

Anal cite. 

1 ^ 

9 214 

9 143 

P2O5, vacuum 

22 

Analcite. 

1 h 

9.135 

9 056 

P2O6, vacuum 

21 


TABLE 2 

Calculated water content for zeolites when no adsorption takes place 


ZEOLITE 

FAIRS 

c 

ZEOLITE 

PAIRS 

c 

Scolecite. 

a, c 

15.54 

Analcite. 

e, li 

9 35 

Scolecite. 

b, c 

15.52 

Analcite. 

f, h 

9.42 

Scolecite. 

a, d 

15.48 

Analcite. 

e, K 

9.36 

Scolecite. 

b, d 

15.48 

Analcite. 

0 

if, g 

9.43 







These results throw a somewhat different light upon the variation of the 
water content of zeolites, particularly at lower temperature. Such data 
as those of Tammann (3) may now be interpreted somewhat differently. 
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PHOSPHORESCENCE 
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In the course of investigations in tliis laboratory on the preparation of 
phosphorescent zinc sulfide, a need arose for a convenient method of 
measuring luminous intensity of the preparations. While the photometric 
method has been used extensively in work of this type (1, 2, 5, 7, 8), it was 
thought that the photoelectric cell might prove adaptable and at once offer 
possible advantages. Pospielow (4) made photoelectric measurements of 
the response of phosphorescent materials to cathode rays and ultra-violet 
light. Schwarz and Urbach (6) have measured the phosphorescence of 
alkali halides photoelectrically. 

Measurements recorded in this paper were made on ZnCuS phosphors 
all of w4iich were prepared here except samples 1, 2, and 3, w^hich represent 
commercial materials of the highest grade we could obtain. Our samples 
were chosen from about one hundred fifty products representing different 
methods of preparation. So far, we have confined ourselves principaUy 
to the problem of measuring response of the phosphorescent materials to 
excitation by a-particles from a source kept separate from the samples. 

APPARATUS 

Simple celUgalvanometer hook-up. The Visitron, tyi:)c F-2, cell generates 
its own E.M.F., hence the circuit in this case consists of only the cell and a 
sensitive w^all-type galvanometer. Of course, with this type of cell it is 
important that the galvanometer have low resistance as well as high 
sensitivity. Our galvanometer had a resistance of 110 ohms and sensi¬ 
tivity of 1.265 X 10" ® amperes. The scale was placed 230 cm. from the 
galvanometer. The negative terminal of the cell was grounded. 

The General Electric P.J.15 cell was used in direct hook-up with a 
sensitive galvanometer and an e.m.f. of 240 volts. 

Amplifier hook-up for P.J£3 cell. The General Electric P.J.23 cell is 
not sensitive enough to allow' satisfactory readings with the simple circuit 
described above, even for measurement of response to strong a-particle 
excitation. It was therefore necessary to develop an amplifier for use 
with this cell (figure 1). In the figure, Gi is a three-button galvanometer, 
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G* is a Leeds and Northrup type P galvanometer, having a sensitivity 
of 100 megohms, and L is a 4-diaI 10,000-ohm resistance box. 

METHOD OF EXCITATION OF PHOSPHOBS WITH SEPABATE SOinitCS 

The samples were spread on 3 in. X 3 in. glass plates. In order to insure 
uniform thickness and smoothness of surfaces, celluloid strips were held 
rigidly along two edges of the glass surface while a straight edge was run 
along the strips, spreading a layer of zinc sulfide about 0.5 mm. thick. 
The o-particle source was prepared by transferring precipitated radio¬ 
thorium hydroxide to a 3 in. X 3 in. glass plate and spreading it over a 
circular area about 3.4 cm. in diameter. The remainder of the surface of 



Fig. 1. Amplifier Hook-up fob P.J. 23 Cell 


the plate was coated with a thick layer of parafllin to keep reflected light 
from entering the cells. After this deposit had thoroughly dried, it was 
covered with a layer of collodion and one thickness of cellophane. The 
strength of the source was between 2 and 3 mg. radium equivalent. The 
collodion and cellophane served to guard against contamination of the 
samples and the dark room; however, they reduced the effective strength 
of the source to about 0.1 its real value. 

A shallow box was provided with guides on the inside bottom for placing 
the plates holding the samples so that all had the same position when 
measured. The source plate was secured, source down, to the under side 
of a removable shelf which had a centered opening slightly larger than the 
deposit of radioactive source, through which the light to be measured 
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emerged. When the shelf was placed in position in the box, the a-particle 
source was directly over the center of the sulfide sample and about 3 mm. 
distant. Thus most of the measured light passed through the radioactive 
material, which was not so opaque but that a large part of the emitted light 
reached the cells. Early measurements disclosed that there w^as a steady 
increase in intensity of light up to about ten minutes after the source w^as 
placed in position above the samples. Increases after that length of time 
were so small that any differences of rate of increase among the various 
samples were negligible. Hence we adopted the procedure of exposing 
samples to the source ten minutes before making measurements. Care was 
taken in placing the cells over the opening in the shelf to insure uniformity 
in exposure of sensitive surface to illuminated area. All measurements 
were made in the dark room on samples which had been in the dark long 


TABLE 1 

Response of phosphorescent materials to excitation by a-particles 


SAMPLE 

OALVANOMETEB DEFLECTION 

IN CENTIMETERS 

RELATIVE RESPONSE 
(SAMPLE I *100) 

RANK 

PJ 23 

F-2 

P.J 15 

PJ 23 

F-2 

P J. 15 

P.J. 23 

F-2 

P.J. 15 

1 

22.90 

1.90 i 

16.25 i 

100 

100 

100 

3 j 

4 

2 

2 

15 10 

1 40 j 

11 80 

63 9 

73 7 

72 6 

9 

9 

5 

3 

16 70 

1 50 1 

13 70 

73 0 1 

78 9 

84 3 

8 

8 

4 

4 

16 70 

1 (K) 

14 30 

73 0 

84 2 

88 0 

6 

6 

3 

5 

21 60 

2.00 

16 80 

94 3 

105 3 

103 4 

4 

3 

1 

6 

25 50 

2 25 


111 4 

118 4 


1 

1 


7 

23 10 

2 05 


[ 100 9 

107 9 


2 

2 


8 

14 70 

1 20 


63 8 

63 2 1 


10 

10 


9 

19.10 

1 65 


83.4 

j 86 8 


5 

1 5 


10 

16 70 

1 50 


73 0 

78 9 

i 

7 

7 



enough so that light emission resulting from previous (\\citation was not 
appreciable. Because of its convenient form, the \lsitron cell was handled 
in the open. However, in making transfers to and from the shelf, the 
cell case was not touched on account of the largt' tcTiiperature coefficient 
of the cell. The P.J.15 cell was permanently mounted in a light-tight box 
so that the cell was directly over the shelf opening. 

Essentially the same arrangement was used for measurements with the 
P.J.23 cell. The cell was permanently mounted directly over an opening 
in a shelf which was built into a light-tight box. The source plate was 
attached to this shelf exactly as described above. Samples were placed in 
the box under the source by way of a sliding floor which could be slid into 
and out of the box after raising a sliding door on the side of the box. The 
shelf and cell were so placed that source and cell occupied the same posi- 
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tions relative to the samples as in the other method. The convenience of 
this method makes it superior to any other tried. 

The results of the measurements are given in table 1. 

DISCUSSION OP RESULTS 

Measurements with the P.J.15 cell were not completed because of 
failure of the cell. Exact agreement between the three cells should not be 
expected, because the samples differ somewhat in color and the cells differ 
in relative response to different wavelengths of light. In fact, it is surj)ris- 
ing that the results show only one discrepancy in ranking. Choice of a 
cell may be governed by the particular phase of the problem of phospho¬ 
rescence under consideration. If the problem is comparison of products 
with a view to use in luminous paint, then the ideal cell would be one whose 
curve of spectral response coincides with that of the eye. The Visitron 
cell meets this condition rather satisfactorily, but it does not lend itself 
we‘11 to use with an amplifier, so that one is forced to work with feeble 
currents. However, the results show that under the conditions of our 
experiments the currents are large enough for purpose of comparison. 
Although it is probably safe to assume that measurement of response of 
phosphorescent material to separate source excitation is a reliable indicator 
of its usefulness in paint, we plan to extend our method to direct measure¬ 
ment of luminous paints. 

By slight modification of the set-up described above for the P.J.23 cell, 
the photoelectric cell may be used conveniently for measurement of re¬ 
sponse of the samples to light. We made enough measurements of this 
kind to confirm the reports of other investigators (3), who have found 
that response to a-particles cannot be predicted from study of light 
response. 


SUMMARY 

1. We have used three types of photoelectric cells in measuring the 
response of samples of phosphorescent zinc sulfide to a-particle excitation. 

2. Difference in spectral response of the cells probably accounts for some 
differences in results. 

3. The photoelectric cell is readily adaptable to measurement of lumi¬ 
nous intensity of phosphorescent substances and offers the advantages of 
simplicity and freedom from the personal element over the ordinary 
photometric method. 

We gratefully acknowledge our indebtedness to Dr. Herman Schlundt, 
who sponsored this investigation. We are grateful also to Dr. R. T. 
Dufford for the loan of certain apparatus and to Mr. C. C. Carrol for pre¬ 
paring the radioactive material. 
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The measurement of the relative solubility of a sparingly soluble salt in a 
pure solvent, and in the presence of other salts using the same solvent, 
affords a ready measure of the change in potential or of the activity coeffi¬ 
cient of the saturating salt. These changes should be accounted for by any 
adequate theory of solutions. The interionic attraction theory of Debye 
and Hlickel (2) has achieved considerable success in describing the proper¬ 
ties of strong electrolytes in aqueous solutions. The experimental data, 
using water as a solvent, are quite extensive. 

Since the interionic attraction theory is premised on the fact that all 
effects are due to the electrostatic attraction between ions, it is to be 
expected that the validity of this assumption and the equations derived by 
Debye and Htickcl (2) could be subjected to a quite rigorous test by 
employing solvents of lower dielectric constants, since the electrostatic 
forces between ions vary inversely as the dielectric constant of the medium 
containing the ions. 

The experimental data on the mutual solubility relations in solvents with 
dielectric constants lower than that of water are limited (1), but cover a 
range of solvents with dielectric constants ranging from 64 for water at 
75®C. (la) to 6 for acetic acid (Ij, 11). Several types of solvent and satu¬ 
rating salts have been used. 

When interpreted in terms of the interionic attraction theory, the results 
of these investigations arc somewhat conflicting. The deviations, as 
might be expected from the assumptions and approximations made in the 
development of the equations used, are larger for the solvents of lower 
dielectric constants and for the higher or more unsymmetrical valence 
types of salts concerned. 

The simple Debye-Hiickel equation relating the solubility of a uni¬ 
univalent salt to the ionic strength of the solution may be wTitten in the 
following form: 

S Aeh Atho Qv 

* So “ 2DRT{1 + Kb) 2DRT(1 + Kob) ^ 

where ^ solubilities (in moles per liter) of 

1000 DR2 
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the pure saturating salt and of the saturating salt in the presence of solvent 
salts, respectively; juo and n the corresponding ionic strengths; A, Avo- 
gadro’s number; «, the unit charge; D, the dielectric constant of the 
medium; T, the absolute temperature; R, the gas constant; and b, the mean 
ionic diameter. 

Taking the value of the dielectric constant of acetone at 25“C. as 20.8 
(6), substituting the values of the constants, and considering the ions as 
point charges, equation 1 reduces to 


log 


-So 


3.718 - 3.718 Mo‘ 


( 2 ) 


s 

In equation 2, /xj is a constant, hence the equation is linear in log and 


nK A plot of log against should yield a straight line with a slope of 

3.718 if this simple form of the Debyc-Hiickel equation holds for solutions 
of salts in acetone. Solubility measurements of a sparingly soluble salt in 
acetone will afford a ready means of testing the theory. 


MATERIALS 

A commercial grade of acetone was dried over anhydrous calcium 
chloride. Best results were obtained by adding about 35 g. of the anhy¬ 
drous salt to 1 liter of acetone, and allowing the mixture to stand for about 
six days with occasional shaking. The acetone, thus treated, was distilled 
in a vacuum-tight, all-glass still with a fractionating column 125 cm. in 
length, filled with glass beads. The last third of the distillate was reje^cted. 
The distillation was carried out in a darkened room. The product thus 
prepared showed a density of 0.7845 at 25°C. and an index of refraction of 
1.3560 at 25®C., using the D line as standard. Seventy-five per cent of this 
product distilled in a temperature range of 0.05°C., the entire sample 
showing a range of 0.10®C. 

A standard brand of c.p. sodium bromide was twice recrystallized from 
distilled water, and dried to constant weight at 300®C. in a current of dry 
air. 

Lithium perchlorate was prepared by the method of Richards and 
Willard (4). The salt was dried to constant weight by prolonged heating 
at 150°C. in a current of dry air. The anhydrous salt tested neutral and 
was free from ferric, calcium, magnesium, potassium, sodium, fluoride, and 
chloride ions. 

Calcium perchlorate was prepared by the method of Willard and Smith 
(7). The salt was dried to constant weight by heating at 260®C. in a 
current of dry air. The anhydrous salt tested neutral and was free from 
ferric, magnesium, and chloride ions. 
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Elveiy precaution was taken to exclude moisture in the storing and 
handling of these materials. 


METHOD 

Half-liter, reground, glass-stojipered flasks were “steamed’' with acetone 
vapor. The required amount of the solvent salt was weighed into the 
container, and about 450 cc. of acetone was then blown into the flask with a 
current of dry, carbon dioxide-free air. The weight of the acetone added 
was noted. After the solvent salt had completely dissolved, a compara¬ 
tively large excess of sodium bromide was addcjd, after which the glass 
stojipcr was scaled in place with a mixture of be(\‘<vvax and rosin. 

The sealed containers were placed in a mechanical shak(T and agitated 
vigorously for from forty-eight to sixty hours, the containers l)eing co\’ered 
to exclude light. During this period of shaking, the containers were 
removed several times from the shaker and cooled in an ice bath to expedite 
the saturation process. 

Aft('r from forty-eight to sixty hours on the mechanical shaker, the 
containers were transferred to a constant temperature bath, maintained 
at 25°(^d:().02°C., and permitted to remain, with occasional shaking, for 
an additional twenty-four hours. 

After equilibrium had been established, as much as possible of the clear 
supernatant liquid was blown into a weighed flask by a current of dry, 
carbon dioxidt»-free air. The weight of the sample was determined, the 
acetone distilled off over a water bath, and the residue taken up with 
distilled water. 

The sodium bromide present in each sample was determined by the 
Volhard method (5) for bromide ion estimation. 

EXPERIMENTAL RESULTS 

The solubility data for sodium bromide in acetone in the presence of 
lithium and calcium perchlorates are shown in tables 1 and 2, respectively. 
P'igure 1 show^s the measured solubility of the sodium bromide as a function 
of the ionic strength of the solution. The solubihties calculated from 

S 

equation 2 arc also shown. In figure 2, the log data from tables 1 and 2 

Oo 

are shown, plotted against the one-half power of the ionic strength. The 
theoretical lines for acetone (slope 3.718) and for water (slope 0.5) also 
have been included. 

The slope of the best straight line through the experimental points, in 
the smaller ionic strength region, is about 8.5. Points for the more dilute 
solutions are closely grouped about this line, indicating that both sets of data 
give slopes approaching the same limiting slope. The value of the experi¬ 
mentally observed slope is more than twice as large as the theoretical slope 
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for acetone. It would be necessary to assume a dielectric constant of 
about 10 , for the more dilute solutions, to bring the theoretical slope into 
agreement with the experimental slope. 

From equation 1 the slopes, obtained by plotting the log - 5 - values against 

00 

the one-half power of the ionic strength, for two different solvents, should 

TABLE 1 


The solubility of sodium bromide in acetone at in the presence of lithium 

perchlorate 


LiC104 MOLES 
PBH LITER X 10* 

SOLUBILITY (S) 

OF NaBr in 

MOLES PER 
LITER X 10* 

s 

So 

1 S 

mXIO* 


0.0000 

0 0000 

1.1841 \ 
1 1959 / 

1.0000 

0.00000 

1.1900 

0.03449 

0.3103 

1.3786 

1 1585 

0.06390 

1 6889 

0 04109 

0.5469 

1.4523 , 

1.2204 

0 08650 

1 9992 

0.04471 

0.7847 

1.5820 

1.3294 

0.12362 

2 3667 

0.04865 

1 9740 

1.9259 

1,6148 

0 20908 

3 8999 

0.06245 

3.5910 

2.2461 

1.8875 

0.27593 

6.1971 

0.07872 

19.2390 

3 5754 

3.0045 

0.47777 

22.8144 

1 0 11790 

38.1470 

5.2067 

4.3754 

0.64102 

43.3537 

0.20823 

78.2210 

8.2430 

6,9269 

0.84064 

86.4640 

0 29405 

392.6900 

21.5747 

18.1300 

1.25840 

414.2647 

0 24363 


TABLE 2 


The solubility of sodium bromide in acetone at 25°C. in the presence of calcium 

perchlorate 


Ca(C104)s 
MOLES PER LITER 

X 10* 

SOLUBILITY (S) 
OP NaBr in 
MOLES PER 

liter X 10* 

j 

s 

So 1 


mX 10* 

Mi 

0,3057 

1.6118 

1.3546 

0.13182 

2 5289 

0 05029 

0.5535 

1 9070 

1.6025 

0.20480 

3.5675 

0.05973 

0.7716 

2.2246 

1.8694 

0.27170 

4.5394 

0.06738 

1.9680 

3.6428 

3.0612 

0.48589 

9.5468 

0.09771 

4.1290 

5.9969 

5 0394 

0.70238 

18.3839 

0.13558 

8.4210 

9.4767 

7.9636 

0.90111 

34.7397 

0.18649 


vary inversely as the three-halves power of the ratio of the dielectric con¬ 
stants for the two solvents, both being at the same temperature. For 
water and acetone, this ratio is 7.4 at 25®C. The increase in solubility due 
to a salt with a non-common ion should be 7.4 times greater in acetone 
than in water. Our experimental data show the increase to be about 17 
times greater, which is hardly of the right order of magnitude to be ex- 
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peeled. The divergence noted here is of the same order of magnitude as 
that shown by the data of Robinson (Ih). 

Using equation 1, in w^hich the ionic diameters are not neglected, but only 
the first terms of the series in the expansion of the hyperbolic sine are 



Fio. 1. The Solubility of Sodium Bromide in Acetone 
O LiC104; • Ca(Cl04)2 

retained, several values for the mean ionic diameter 5, were calculated 
from the experimental data. These values are all negative, the average 
being about —10 X 10~®. This corresponds to a value of about 0.6 X 10”* 
when the next two terms of the expansion, as developed by Gronwald, 
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LaMer, and Sandved (3), are included. No positive values of the ionic 
diameter will bring the experimental data and theory into agreement. 

We believe that this marked divergence between the theory and experi¬ 
mental results, not only in the case of our data but also in the case of those 
of Kraus and Seward (If) and Robinson (Ih), is the result of too great a 
solubility of the saturating salt in acetone. It is reasonable to expect 



Fio. 2. The Soltjbiuty op Sodium Bromide in Acetone Compared with the 
Intbrionic Attraction Theory 
O LiClO,: • Ca(C10,), 


that as the dielectric constant of the solvent becomes smaller, the highest 
total salt concentration at which the interionic attraction theory will be 
obeyed must also decrease. Seward and Hamblet (11) and Scholl, Hutchi¬ 
son, and Chandlee (Ij), using glacial acetic acid as solvent (dielectric con¬ 
stant about 6), have found rather good agreement up to a total salt 
concentration of about 0.0006 mole per liter. In view of this, it appears 
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that the total salt concentration should not exceed 0.001 molar, if agree¬ 
ment between the theory and experimental data is to be obtained, using 
acetone as the solvent. 


SUMMARY 

The solubility of sodium bromide in acetone, in the presence of lithium 
and calcium perchlorates, has been determined. 

The presence of these solvent salts produces a marked increase in the 
solubility of the sodium bromide in acetone. 

The results have been examined from the point of view of the interionic 
attraction theory of Debye and Hiickel. The observed solubilities are 
much larger than those predicted by the theory. 
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A study of mixtures of aniline, formic acid, and water was made by the 
methods commonly used for heterogeneous systems in equilibrium, and the 
results were summarized in a triangular graph in the usual manner. The 
region in which the components separated into tw o liquids was mapped out, 
and the distribution of the formic acid between the two liquid layers was 
found. The region in wdiich crystals w^ere deposited w as also mapped out, 
and the crystals were proved to be aniline formate, C6H7N-CH202, This 
WH>rk w^as done at 15°C. 

However, these liquid mixtures and also the solid crystals w^crc not in 
e(iuilibrium; they changed continuously, producing formanilide and w^ater. 
Thus crystals first fonned in a given system of the components redissolved; 
and liquid mixtures at one time homogeneous, in time separated into two 
layers. Moreover the crystals of aniline formate w’ere unstable in tw’o 
directions, dissociating into aniline and formic acid on the one hand and 
giving formanilide and water on the other. 

Goldschmidt and W'achs (3) studied the rate of formation of anilides, 
proving it to be in general bimolecular, w hile Davis and Rixon (2) studied 
the equilibrium, formic acid + aniline formanilide + water, in a solu¬ 
tion of aqueous pyridine at 100®C., but they do not mention aniline for¬ 
mate, This equilibrium was confirmed in the course of the present work. 
Also a study of some properties (density, etc.) of certain mixtures of these 
three components was made by Pound and Russell (5), 

The aniline was purified by distillation. The formic acid-water solu¬ 
tions, containing from 5 to 87 per cent formic acid, wTre made from the 
best commercial acids, 40 per cent and 87 per cent; from the latter acid, by 
treatment with the calculated amount of phosphorus pent oxide and by 
subsequent distillation in vacuo, there was obtained the 99 per cent acid, 
(see ref. 4). The foimic acid content of these solutions and of the mixtures 
was found by titration with standard baryta water, using phenolphthalein; 
wdth this process the presence of aniline or of formanilide did not interfere. 
Such direct titrations of the mixtures gave the free formic acid and the acid 
present as aniline formate, the latter evidently dissociating in the process; 
such formic acid will be referred to as “free acid.’’ By boiling solutions 
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containing formanilide with an excess of caustic soda and then cooling and 
titrating witli acid, the “total acid” was obtained, i.e., formic acid free and 
as aniline formate and as formanilide. The difference, “total acid” — “free 
acid,” or “fixed acid,” gave the formic acid fixed as formanilide. “Fixed 
acid” was also obtained in the solution after the neutralization of the 
“free acid” by boiling with excess caustic soda, etc., and this procedure 
gave the same results as the former. 

Aniline was determined in the mixtures by titrating the warm acidified 
solutions containing potassium bromide with potassium bromate solution, 
using starch-potassium iodide as outside indicator; the bromate solution 
was standardized against pure aniline. This method gave the total 
aniline in the mixture, i.e., aniline free and as formate and as formanilide. 


TABLE 1 


FOHBUC A0ID*U8£D 

coMPOcimoN or the critical mixture 

Aniline 

Formic acid 

Water 

per cent 

percent 

per cent 

per cent 

5.164 

13.55 

4 45 

82 0 

9.73 

21.7 

7.6 

70.7 

12.91 

34.65 

8 45 1 

56.9 

16.17 

50.1 

8 1 

41.8 

20.29 

67,05 

6.7 

26 25 

22.79 

78 7 

4.85 

16 45 


95 09 


4 91 


3 61 

i 

96 39 


The percentages (weight) of aniline, formic acid, and water will be referred 
to as per cent aniline, per cent formic acid, and per cent water. Per cent 
formic acid without qualification means per cent of “free acid” (as defined 
above). 

I. DETEEMINATION OF THE UNOBTAINABLE LIQUID MIXTUBES, I.E., OF THE 

LINE BSSC 

This was got by the direct titration of the following formic acid solutions 
by aniline. The critical mixture, shown by characteristic opalescence, 
could be found to within a drop of aniline, the total amount of which 
varied from 5 to 40 cc. (see table 1). The critical mixtures of aniline and 
water were taken from Applebey and Davies (1), and from other workers 
(see ref. 6). The above critical mixtures are marked □ in the graph. 

II. THE DISTBIBUTION OF THE FOBMIC ACID 

The distribution of the formic acid between the aniline and the aqueous 
layers gave the following results; 
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per cent fmviic 
add in 
aniline layer 

From 5.164 per cent formic acid .0 65 

From 9 73 per cent formic acid .. 1 45 

From 20 29 per cent formic acid .3 75 

The three resulting; lie lines are drawn in the graph. 

III. DETERMINATION OF THE CURVE DPG 

The curve DPG^ bounding the region in which crystals separated, was 
determined by three methods: 

a. Mixtures were made up from known weights of aniline and of formic 
acid solutions, and the resulting crystals and solutions were agitated in a 
thermostat at 15°('. for I liour or more, and then separated and analyzed 
for ^'free acid’^ and aniline. The crystals wore needle-shaped and long, 
especially if formed slowly or on the sides of the vessel a}>ove the main 


TABLE 2 


(0MP081T10N or HOI.T TION 

1 

j t OMPOBITIOX OF CKYSTAL8 

Aniline 

Eormu* uoid 

1 Water 

Aniline 

Formic acid 

Water 

per cent \ 

per rent 

per cent 

per cent 

7 >er cent I 

per cent 

79 6 

7 2 

13 2 

68 7 

29 5 

1.8 

64 8 

11 3 

1 23 9 

66 9 

30 4 1 

2 7 

51 9 

12 5 

35 (i 

63 2 

29 9 

6 9 

38 5 

18 4 

43 1 

(>4 0 ' 

31 8 

4 2 

36 8 

24 0 

39 2 

61 1 

31 4 

7 5 

35 1 

33 1 

31 8 

60 6 

32 7 

6 7 

38 1 

41 1 

20 8 

62 7 

33 6 

3 7 


per cent jannxe 
acid in 
aquemis layer 

4.0 
5 75 
7 1 


mixtuH'. Rapid mixing gave small and entangled crystals and a semisolid 
mass which disentangled on agitation. On long agitation squat and 
compact crystals sometimes took the place of the needles. Both these 
kinds of crystals were aniline formate (see later). On further agitation the 
crystals in some experiments disappeared altogether. 

The method of residues was used thus to give the points on the curve 
DPG and the tie lines leading to the point //, representing aniline formate. 
The results were only approximate: long agitation meant that much 
formanilide was formed, which of course vitiated the result, and short 
agitation meant that the solution and crystals had not perhaps reached 
equilibrium at 15®C. Mixtures of aniline with the more concentrated 
formic acids were the most affected by the former complication, but all 
of the resultiS were somewhat so affected. Hence especially the percentage 
of free acid in the solutions w^as lower than it should have been. A few 
typical results were those given in table 2. These points are marked O in 
the graph. 
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b. Various formic acid solutions were titrated by aniline, at 16®C., 
until crystals permanently remained in the mixtures. This method gave 
points along the curve PG. These crystals were squat. The points 
obtained in this manner probably tend to lie below the true solubility curve, 
i.e., crystals appeared momentarily as the aniline was run in and subse¬ 
quently did not dissolve within a short time. When the 99 per cent formic 
acid was thus titrated with aniline, crystals remained when the mixture 
contained 34.4 per cent aniline,—obviously low. By taking aniline formate 
and finding the amount of 99 per cent acid which would just dissolve it, the 
point G was found at 37 per cent aniline,—a value which is still probably 
low. Thus 10 cc. (11.87 g.) of 76.08 per cent formic acid required 6.86 cc. 


AJILINE 



Fig. 1. The System Aniline-Formic Acid-Water 

(7.07 g.) of aniline, and the mixture then contained 37.3 per cent of aniline. 
It was found that for crystals to persist in the mixtures the following 
percentages of aniline were required; 

48.9 per cent formic acid solution required 33.2 per cent aniline 
61.44 per cent formic acid solution required 36.9 per cent aniline 
76.08 per cent formic acid solution required 37.3 per cent aniline 
87.23 per cent formic acid solution required 38.2 per cent aniline 

These points are marked X in the graph. 

c. Aniline was titrated with various formic acid solutions at 15“C. 
until crystals persisted in the mixtures. Thus points along the curve DP 
were obtained. The crystals formed were generally needle-shaped. Thus 
28.7 g. of aniline take 1.00 g. of 48.9 per cent formic acid solution, and the 
per cent of aniline in the mixture is thus 96.6. The mean results indicate 
that for crystals to persist in the mixtures the following percentages of 
aniline were required: 
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30 5 i)er cent formic acid solution required 54.2 per cent aniline 
35.67 per cent formic acid solution required 65 1 per cent aniline 

43.8 per cent formic acid solution required 86 9 per cent aniline 

48 9 per cent formic acid solution required 96.1 per cent aniline 

76 08 per cent formic acid solution required 97 9 per cent aniline 

These points too are marked X in the p;raph. 

IV. CHANGES IN THE LIQITID MIXTURES ON KEEPING 

Mixtures containiiifi: appreciable formic acid and water showed a pink 
color on addition of the aniline; this increased in intensity for a few minutes 
and then decreased after ten minutes or more. 

Mixtures of the three components Avere k(*pt for many days at room 
temperatures, about 10%)., some in stoppered flasks in desiccators, others 
in sealed tubes; they were analyzed from time to time. In all of them the 
“free formic acid’’ plus the “fix(^d formic acid” equalled the original “free 
formic acid.” The “free acid” decreased roughly in accordance with the 
bimolecular action, i.e., the formic acid fixed as formanilide in a given time 
was roughly proportional to the jiroduct of the aniline and formic acid 
percentages (concentrations). Moreover the speed of this action rapidly 
increased as the water-content decreased; a lowering of the Avater by about 
14 per cent trebled the speed of action, other conditions being equal. Also 
a state of c(iuilibrium Avas obtained after ten days or so, if the solution 
remained homogeneous; no satisfactory equilibrium constant was obtained 
hoAvever. A few typical results are given in table 3. 

The formation of formanilide may be taken as equivalent to adding 
more aniline to the mixtures. Thus a mixture originally containing 
p per cent aiiiline, q per cent formic acid, and r per cent Avater, when the 
per cent of free formic acid falls to {q — j), becomes {p — 2.02 x) per 
cent aniline, {q — x) per cent formic acid, (2.63 x) per cent anilide, and 
(r + 0.39 x) per cent water, which behaves as {p -j- 0.61 x) per cent aniline, 
{q — x) per cent formic acid, and (r + 0.39 x) per cent water, or the mixture 
moves to states along lines parallel to PS and QS, i.e., parallel to the line 
from the formic acid corner to the (61 per cent aniline, 39 per cent water) 
mixture, FL. Thus mixture P, No. 27, on the eighth day Avhen it had just 
separated, contained only 8.6 per cent “free acid,” and thus the “fixed acid” 
was 10.6 per cent, which was equivalent to 21.4 per cent of fixed aniline, 
as 27.9 per cent of anilide, and to 4.15 per cent of extra Avater; and the 
mixture then contained 8.6 per cent of “free acid,” 15.8 per cent of free 
aniline (the dissociable aniline formate being included in these figures), 
with 27.9 per cent of anilide and 47.7 per cent of water; this mixture 
behaved as one with 8.6 per cent formic acid, 43.7 per cent aniline, and 
47.7 per cent Avatcr, and therefore separated into two layers. 
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TABLE 3 


NO. 

MXXTOItB 

FOBMic Acid obtained after time 
GIVEN 


Aniline 

Formic acid 

Water 

Time 

Formic acid 


per cent 

per cent 

per cent 

daps 

per cent 





35 

30.9 

3 

19.95 

39.15 

40.9 1 

61 

31 0 





. 71 

30 9 

6 

25.65 

36.35 

38.0 1 

40 

25.3 




1 

. 68 

25.4 






35 26 





i 

29 93 





2 

27.2 





4 

24.8 

10 

26.75 

35.82 

37.43 ^ 

9 

24 21 





27 

24.17 





34 

24.18 





42 

24.18 





63 

24 28 





74 

24 27 





2 

4.20 

24 

9.15 

4.69 

86.15 

8 

4 13 





16 1 

4 02 





26 

3 92 





2 

9.96 

25 

19.8 

10.36 

69.86 ' 

8 

. 8 64 





11 

8 16 




[ 

14 

Separated 




f 

2 

12 9 

26 

28.0 

14.6 

57.4 ] 

8 

9 44 




1 

9 

Separated 




j 


QS 

27 

37.2 

19.2 

43.6 1 

2 

14.25 




1 

8 

8,58, separated 






PS 

31 

78.65 

5.35 

16.0 

2 

4.11, separated 





i 

46.5 





2 

36.9 

32 

39.7 

52.6 

7.7 > 

9 

34.4 





17 

34 1 





30 

34 12 
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TABLE 3— Concluded 


NO. 

MIXTURE 

FORMIC ACID OBTAINED AFTER TIME 
GIVEN 

Aniline 

Formic acid 

Water 

Time 

Formic acid 


per cent 

per cent 

per cent 

days 

per cent 






2 

44.8 






9 

41 5 

35 

20 3 

49 0 

30 7 J 


17 

41 0 


1 




30 

40.0 




i 


7 

h 

68 5 






4 

65 5 

39 

18.9 

70.7 

10.4 1 


11 

63.1 






16 

62.7 






25 

62 66 


Undoubtedly this hypothesis was in general accordance with the facts 
observed. Thus mixtures like Nos. 3, 6,10,32,35, and 39 came to equilib¬ 
rium and never separated into layers; mixtures near the line BSSCj like 
Nos. 31, 25, 26, 27, soon separated, and at points S as calculated above. 
Mixtures within the area DPG formed crystals, which dissolved in time, 
and these inixturt‘s then separated in a similar manner to the former ones. 
Mixture No, 24 shows the influence of water, and mixture No. 31 that of 
aniline, on the rate of change, on the equilibrium, and on the final separa¬ 
tion into two layers. 

V. THE CRYSTALS, ANILINE FORMATE, AND THEIR CHANGES ON KEEPING 

The crystals of aniline fonnate were not readily soluble in benzene, 
toluene, carbon tetrachloride, or petrol; they readily dissolved in water, 
mc'thyl and ethyl alcohols, acetone, ethyl acetate, chloroform containing 
2 per cent alcohol (B.P. chloroform), and in ether. They recrystallized 
as the etluT evaporated. The crystals when kept beneath petrol soon be¬ 
came brown, and simple washing with petrol made them brownish. The 
white crystals remained unchanged beneath toluene for a few days, but 
tlien changed rapidly and soon a brown liquid, aniline or formanilide, was 
left. When kept in the air or dried in a current of air, the crystals acquired 
a pinkish or yellowish or brownish tinge. 

Many samples of these crystals were made and were washed with one or 
other of the first four solvents, dried in desiccators over sulfuric acid or 
calcium chloride, and examined from time to time. Two white samples of 
the acicular crystals, analyzed at once, both gave 33.2 per cent formic acid 
and 66.1 per cent aniline, thus per cent of moisture by difference was 0.7; 
another sample gave 33.8 per cent formic acid, but smelt of free formic acid. 
Theoretically aniline formate contains 33.1 per cent formic acid and 66.9 
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per cent aniline. When dry crystals of the aniline formate were kept over 
sulfuric acid, the smell of formic acid could be detected after some hours 
and aniline could be detected in the sulfuric acid after some days. The 
dissociation into aniline and formic acid is therefore appreciable at room 
temperatures. 

The crystals were usually in long needles, but (see above) occasionally 
there were obtained more compact forms (squat raonoclinic prisms); these 
had the .same composition as the needle-shaped crystals. Microscopic 
examination of freshly formed samples of the crystals indicated the presence 
of some compact crystals along with the main mass of acicular crystals. 
These last apparently changed the more quickly (surface effect?), leaving 



12 3 ^ 5 
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Fig. 2. Crystals of Aniline Formate 

the compact forms. A second crop of crystals formed from a mixture of 
formic acid and aniline also tended to consist of compact forms. 

The authors owe thanks to Mr. H. Yates, who examined and sketched 
these crystals and who supplied the following notes on the accompanying 
sketches (figure 2): “In the graph the figures 1,2, and 3 are various shapes 
of acicular crystals, showing three types of crystal-face, of which two are 
developed in 1, and all three in 2, while in 3 the vertical faces are fully 
developed but there is only one of each type of inclined face. Crystal 1 was 
actually seen to grow into form 2 by developing of the third type of face. 
The angle between the two faces in 1 is 52®, 

“Figures 4 and 5 represent tabular crystals l 3 dng on the clino-pinacoid 
plane. From these shapes the interfacial angles are: ac = 57°20'; ad *= 
69®; cd = 63®40'. 
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'Tigure 6 is an actual sketch of a typical prismatic crystal under the 
microscope. 

‘‘Figure 7 is the same crystal correctly oriented, showing its monoclinic 
symmetry and the positions of the ciystallographic axes.^^ 

The melting point of the crystals was 62°C. (maximum value), with 
average values about 60®C. The values varied as might be expected; 
also a remelting was always at a lower temperature than the original. 

The crystals on keeping gradually became sticky; then very small 
crystals above or apart from the main lot became yellowish and liquefied; 
in a sealed vessel after several days a film of liquid (droplets) could be 
seen between the crystals on the walls of the vessel. Then the stickiness 
increased and the sample became yellowish or brownish, and finally free 
liquid (solution) accumulated, and in a couple of days more the crystals 
had disappeared. These changes took in all about seventeen days in a 
closed vessel at room temperatures (about 10°C.). 

The petrol-washed samples changed very quickly. One such sample 
after nine days over calcium chloride had formed a yellowish liquid, and 
after twenty-four days a brown liquid; after sixty days new crystals had 
formed. The liquid was drained from these crystals, which were then 
washed and recrystallized from xylene; they gave a melting point of 43®C., 
indicating that they were (impure) formanilide (m.p. = 46®C.). 

The crystals kept in contact with the mother liquor changed the fastest 
of all; they took but two or three days to disappear. 

Many sami)les of crystals were kept in sealed vessels or over various 
drying agents and other reagents, but the changing to liquid was never 
stopped, though it might have been retarded by the absence of moisture. 
The free formic acid content diminished, and the fixed formic acid content 
increased continuously. In general, the (free plus fixed) formic acid in old 
crystals equalled the original free acid; in some samples there may have 
been some adsorption of water, and in other samples some preferential loss 
of formic acid over loss of aniline; but the loss of acid by volatilization was 
insignificant as compared with loss of acid by change into formanilide. 
Thus the crystals A (see table 4) gave a final liquid containing 7.3 per cent 
of free acid and 25.1 per cent of fixed acid; total == 32.4 per cent, original 
= 32.2 per cent. The crystals O gave on the fourth day 32.7 per cent of 
free acid and 1.0 per cent of fixed acid; total = 33.7 per cent, original = 
33.8 per cent. The crystals L, from the third experiment reported in sec¬ 
tion Ilia, gave a final liquid containing 4.7 per cent of free acid and 26.9 
per cent of fixed acid; total = 31.6 per cent, original = 29.9 per cent. 
However they were put in a desiccator overnight before sealing. After 
nine days crystals N were nearly all liquefied, and the sample went 16.2 
per cent of free acid, 8.4 per cent of feed acid,—indicating that much 
water had been picked up; the outer water contained both aniline and 
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formic acid. Allowing for the water picked up, the rate of fixation of acid 
as formanilide was foimd to be the same as for the first six days. 

The free acid content of some samples of crystals kept at room tempera¬ 
tures varied as shown in table 4. 

TABLE 4 


CBYBTAL8 WASHED WITS 

SAMPLE 

CONDITION OF 
KEEPING 

CCI4, petrol, and j 

'a 

In sealed tube 

dry air.\ 

B 

Over CaCU 


E 

In sealed tube 

CCI4, toluene, 

C 

Over H2SO4 

and dry air. 

D 

Over P2O5 

f 

1 

F 

In sealed tube 

CCUanddry air. 

G 

Over H2SO4 

i 

H 

Over KOH 


0 

In air 


N 

Over water 


M 

Over NaOH 

Toluene, CCI4, 

Q 

solution 

Over CUSO4 

and dry air. 




R 

Over H2SO4 


P 

0 ver][p 205 

Toluene. 

K 

In sealed tube 

(Only drained 



from liquor).... 

L 

In sealed tube 


ORIGI¬ 

NAL 

PER 

CENT 

FORMIC 

AaD 

AFTER 

DAYS 

PER 

CENT 

FORMIC 

ACID 

FINAL STATE 

CHANGE 
IN PER 
CENT 
FORMIC 
ACID 
PER 
DAY 

32 2 

12 

7.3 

Liquid 

2.08 

32.2 

12 

24 1 

Quite sticky 

0 68 

34 6 

6 

11 7 

Liquid 

3 8 

34 fj 

14 

9 3 

Two-thirds 

liquid 

1 8 

34 6 

14 

15 2 

Onc-third 

liquid 

1.4 

32 5 

13 

7 9 

Liquid 

1 9 

32 5 

13 

28 8 

Sticky 

0.28 

32 5 

13 

27 3 

Sticky 

0 40 

33 8 

6 

32 5 

Slightly sticky; 
yellowish 

0.22 

33 8 

G 

26 2 

Very moist; 
white 

1.25 

33 8 

6 

26 4 

Quite moist; 
white 

1.2 

33.8 

6 

29.6 

Sticky; 

brownish 

0.7 

33 8 

7 

32 2 

Slightly sticky; 
white 

0.23 

33 8 

6 

— 

Slightly sticky; 
white 

— 

33 8 

9 

31.2 

Slightly sticky; 
white 

0.29 

33.0 

15 

7.2 

Liquid 

1.7 

29.9 

24 

4.7 

Liquid 

1 05 


The samples A, E, F, K, and L had just liquefied completely in the time 
shown. This liquefaction took, on the average, seventeen days, and then 
the per cent of free acid had fallen to the average value of 6.2 (seven 
samples). The original condition of the crystals evidently had an influence 







THE SYSTEM ANILINE-FORMIC ACID-WATER 


719 


on their subsequent rate of change. Possibly the presence of excess of 
formic acid in the crystals E, C, and D accelerated their changing. Also 
the crystals passed to liquid and lost more free acid in sealed vessels than 
in the open air. The average loss in per cent of free acid, excluding sam¬ 
ples C, D, and E, in sealed samples was 1.6 per cent per day (seven samples); 
in samples over sulfuric acid, 0.22 per cent per day (five samples); and in 
samples over calcium chloride, 0.66 per cent per day (three samples). 
The drier the atmosphere about the crystals the slower seemed to be the 
rate of change of free acid, but even with excess of phosphorus pentoxide, 
as in sample P, the characteristic changing to formanilide still went on. 
The crystals, apart from the consequences of this changing, did not appear 
to be deliquescent. 

In conclusion, the crystals of aniline formate change according to both 
the reactions: 

Anilinii -f Formic acid Aniline formate ^ Formanilide + Water 

( 1 ) ( 2 ) 

Probably change' 2 is accelerated by water and by formic acid (see ref. 2); 
this change indeed may only occur in solution. Moreover as the products 
of the dissociation 1 may both provide such a solvent and are also both 
hygroscopic, thc^ difficulty of stabilising the compound, aniline formate, will 
be realized. 


SUMMARY 

1. The authors hav(' studied the behavior of mixtures of aniline, formic 
acid, and water at room temperatures. 

2. The region of jmrtially miscible mixtures has been mapped out. 

3. The distribution of formic acid between the aniline and the aqueous 
layers has been found. 

4. The region in which crystals of aniline formate separated has been 
mapped; no other solid phase was found. 

5. The change of the liquid mixtures into formanilide was studied. 

6. The change of the solid crystals of aniline formate into formanilide 
was studied. 
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DISCUSSION 

Many hypotheses have been advanced to explain the effects produced by 
exposure of photograpliic emulsions to radiant energy. One of the more 
fniitful of these hyfKitheses assumes that the action of light on the photo¬ 
graphic emulsion is photochemical, and postulates the coexistence of 
fonvard and reverse reactions. The forward reaction causes the silver 
halide grains in the emulsion to pass from the original undevelopable state 
to a devt*lopable state. The reverse reaction causes the exposed grains to 
return to an undevelopable state somewhat similar to that which existed 
before exposure. When light falls on the emulsion, the forward process 
causes grains to become developable. As soon as an appreciable miml)er of 
grains becomes developable, the reverse reaction causes some of them to 
become undevelopable. After the exposures has proceeded for some time, 
a statistical equilibrium between the two reactions may be reached when 
just as many grains are being made undevelopable as are being made 
developable.2 This condition corresponds to the horizontal portion of the 
characteristic time-density curve, that is, the portion of the curve where 
further exposure produces no further increase in density. 

The magnitude of the equilibrium density attained on any given emul¬ 
sion is a function of the wavelength and intensity of the radiation. In 
general the greater tlu^ intensity of the incident illumination, the greater 
will be the resulting ('quilibrium density. The effect of the wavelength 
of the incident radiation is dependent on the spectral sensitivity of the 
emulsion. Exposure to blue light produces high developable density on 

^ Paper read before the Twelfth Midwest Regienal Meeting of the American 
Chemical Society, held at Kansas City, Missouri, May 3, 1934. 

* The syst'^m of reactions occurring when energy falls on a photographic emulsion 
is not always as simple as that outlined above. It has been shown that developable 
grains are not always capable of being returned to an undevelopable state by the 
reverse reaction. Such grains are said to be in a “non-reversible state.The 
amount of non-reversible density existent at any one time appears to be a function 
of the total developable density concomitantly existent. We hope to discuss this 
relationship and its implication more fully in a future paper. 
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ordinary chloride emulsions, while orange or red light produce low develop¬ 
able densities. It seems then that with blue light the forward reaction 
greatly predominates over the reverse reaction, while with red light this 
predominance is not so great. If an emulsion is given an exposure to blue 
light sufficient to produce a relatively high developable density and is 
subsequently given an exposure to red light, the density produced by the 
first exposure may be somewhat reduced by the second. This reduction 
in developable density by reexposure to light of the longer wavelength is 
known as the Herschel effect. By means of the above considerations the 
Herschel effect may be explained’ as being brought about by predominance 
of the reverse reaction during the exposure to red light. 

Numerous studies have been made of the relative efficacy of continuous 
and intermittent primary photographic exposures. Intermittent expo¬ 
sures, to the same illumination and for the same effective length of exposure 
time, have been found in general to be less effective in producing density 
than continuous exposures, although it has been found that for exposures 
to extremely high light intensities and for very short intervals of darkness, 
intermittent exposures may be more efficient than continuous exposures in 
building up density. This difference in the density produced by inter¬ 
mittent exposures and by equivalent continuous exposures is known as the 
intermittency effect. As with the Herschel effect, the intermittency 
effect may be explained on the hypothesis of simultaneous forward and 
reverse reactions if we also assume the existence of photochemical lags in 
these reactions (1, 2, 3). 


EXPERIMENTAL 

It is supposed that, when the illumination is interrupted,—as it is during 
the periods of darkness in intermittent exposure,—a definite interval of 
time must elapse before the two reactions cease. Upon this hypothesis 
Blair and Hylan have suggested that those factors which accentuate the 
forward reaction, such as (1) strong illumination, (2) short wavelength, 
and (3) fast emulsion, should make an intermittent exposure more efficient 
than a continuous one. They also suggest that those factors which accen¬ 
tuate the reverse reaction, such as (1) faint illumination, (2) long wave¬ 
length, and (3) slow emulsion, should make an intermittent exposure less 
efficient than a continuous one. These suggestions are in keeping with 
experimental data. Intermittent exposures usually produce less develop¬ 
able density than do equivalent continuous exposures. This fact is 

• For an historical summary and bibliography of the concept of the Herschel effect 
as a regression phenomenon, see LUppo-Cbamer (Proc. 7th Intern. Congr. Phot. 
(London), p. 45 (1928)). For a more precise treatment, see Joehnck and Blair 
(J. Optical Soc. Am. 23, 67 (1933)), James (J. Chem. Physics 2, 132 (1934)), and the 
forthcoming paper mentioned in footnote 2. 
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explained by supposing that the terminal lag of the reverse reaction pre¬ 
dominates over that of the forward reaction/ The result, then, is that 
the density which has been built up during the period of exposure is 
reduced slightly during the period of darkness. That is, density is not 
built up at so great a rate by intermittent exposure as by continuous 
exposure. Moreover, the equilibrium density resulting from intermittent 
exposure is less than that resulting from continuous exposure. 

Factors w^hich accentuate the reverse reaction, such as faint illumination, 
long wavelength, and slow emulsions, tend to produce a reduction of density 
during the periods of darkness in intermittency. It is ordinarily necessary 
that these same conditions be present in order that the Herschel effect may 
be produced. These considerations enable us to predict that, w^hen the 
above-mentioned factors are present, intermittent exposures will be more 
effective in producing the Herschel effect than equivalent continuous 
exposures. 

In order to test the above-mentioned prediction, a series of experiments 
was made on a slow, contrasty emulsion which is particularly subject to the 
Herschel effect (Azo F No. 5 paper). The paper w’as exposed to white 
light from an incandescent lamp for 48 seconds, the energy intensity at the 
surface of the paper being 1550 ergs per square centimeter per second. 
This exposure produced a high developable density approximating that 
shown on the ordinate at ^ = 0 in the figures. Successive sheets of the 
exposed paper were then reexposed, some intermittently and others con¬ 
tinuously, to a second radiation of intensity 1700 ergs per square centi¬ 
meter per second. The intermittent exposures were made in a sensitom- 
eter employing a sector wheel of 120 degrees opening and rotating at a 
speed of 28 r.p.m. Three separate w^avelength bands of secondary radia¬ 
tion, as given by appropriate Wratten filters, were employed,—orange, red, 
and short infra-red. The filters employed were No. 72 (600 and 700 m/x). 
No. 70 (700 m/x), and No. 88 (over 700 m^). Each filter was used in 
conjunction with a w ater-cell w hich passed 90 per cent of radiation of w ave- 
length 800 m/x, 50 per cent of 900 m/x, and only 10 per cent of 1000 m/x. 
The sheets w^ere developed for 90 seconds in (Eastman formula) '‘D-73” 
developer (diluted 1 part of developer to 3 of w’^ater) at 21°C., fixed in acid 
hypo, w ashed, and ferrotyped. The normal reflection densities remaining 
after stated reexposure intervals w^ere measured with a photoelectric cell 
reflection densitometer. 

The results are depicted in figures 1,2, and 3, where the normal reflection 
densities are plotted against the corresponding intervals of exposure to the 
‘^herschelizing’^ light. It is apparent from the figures that intermittent 

* Davis (2) suggests that, during the period of the terminal lags, the *'strength^' 
of both the forward and reverse reactions falls off exponentially, so the resultant 
effect is a difference between two exponential functions. 
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exposure, under the conditions of the experiment, produces a relatively 
greater Herschel effect than corresponding intervals of continuous exposure 
to the “herschelizing” light. There is not sufficient data at hand to 



Fio. 1. Intekmittency and the Herschel Effect in Orange Light 
O; continuous reexposure; A, intermittent reCxposure 



Fig. 2. Intekmittency and the Herschel Effect in Red Light 
O, continuous reexposure; A, intermittent reexposure 

enable any explanation of why the observed ''spread'^ between the curves 
for intermittent and for continuous exposure is apparently greater for 
orange light than for the longer wavelengths. This variation of ‘^spread'' 
with wavelength was found in all of several different determinations. 
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Though perhaps not apparent from the extent of the curves, there seems 
to be a tendency for prolonged infra-red exposure to yield slightly lower 
equilibrium densities than those obtaining for orange light. In any event 
absolute density comparisons, for much prolonged exposure times and for 
low densities, are rendered difficult both by natural regression of the latent 
image with time (in the dark) and because of the fact that at low densities 
variations introduced by slight differences in development conditions are 
relatively more important than at higher densities. 

SUMMARY 

The interpretation of the Herschel and intermittency effects is briefly 
discussed on the basis of the familiar hypotheses of simultaneous forward 



Fig. 3. Intermittency and the Herschel Effect in Infra-red Light 
O, eontinuoiu reexposuro; A, intormittent roeixposure 

and reverse reactions with accompanying photochemical lags. From a 
consideration of certain implications of these hyiiotheses a new' effect is 
predicted. The existence of this effect—namely, that intermittent expo¬ 
sure to the “herschelizing’^ light wdll be more efficient in producing Herschel 
effect than equivalent continuous exposure—has been amply proven by 
laboratory results employing three different w'avelength bands of “herschel- 
izing’^ light. 
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INTRODUCTION 

Smith (8) in 1899 stated that i)otassiuiu cyanide and benzaldehyde yield 
benzoin in the absence of water. This statement was later contradicted by 
Lachmann (4), who considered that Smith’s experiments had been vitiated 
by contanimation witli atmosplieric moisture. More recently Morton and 
Stevens (7) have again stated that water is uiinecessaiy^ for the production 
of Ix'iizoin. 

This discrepancy in the published results on the place of water in the 
benzoin reaction is important, as the most widely accepted view of the 
mechanism of the r(*action (6) involves the formation of a cyano ion. In 
addition an insight into th(‘ innate nature of the benzoin reaction may be 
obtained hy a study of the kinetics of the heterogeneous reaction between 
alkali cyanide and lienzaldehyde, assuming that the reaction can proceed 
in the absence of all solvents and reagents. 

ANALYTICAL METHODS 

Tlie method used by Stern (9) is accurate, but not rapid. The methods 
of Lachmann (5), Morton and Stevens (7), and Anderson and Jacobson 
(2) are not sufficiently accurate, as they make no allowance for the solu¬ 
bility of benzoin in benzaldehyde even in the presence of water. Ten 
grams of wet benzaldehyde dissolve about 0.9 g. of benzoin. As a result 
of a number of control experiments the following technique was finally 
standardized. 

The reaction mixture from 10 g. of benzaldehyde and varying amounts 
of cyanide is treated with 20 cc. of glacial acetic acid, and warmed until 
solution is complete. The liquid is then mixed Avith 35 cc. of water and 
allowed to stand overnight to ensure complete separation of benzoin. This 
is filtered off, dried, and weighed. Benzaldehyde is extracted from the 
filtrate with ether, and the extract dried over calcium chloride. The liquid 
after removal of ether is distilled fit 2 mm. pressure at nO°C. The solid 
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residue is dissolved in 10 cc. of glacial acetic acid, which is then diluted 
with 100 cc. of water. The precipitated benzoin is filtered off after twelve 
hours, dried, and weighed. 

The benzoin as weighed was relatively pure, having a melting point not 
lower than 129®C. Little side reaction occurred under the conditions of 
the experiments, as may be seen from the high yields on prolonged heating 
(figure 1) and from the fact that the benzoin did not lose weight on extrac¬ 
tion with sodium carbonate solution, showing the absence of benzoic acid. 

MATERIALS EMPLOYED 
Benzaldehyde 

Kahlbaum^s ^'purest^^ benzaldehyde was first used. It was confirmed 
that the experimental results were not altered when this benzaldehyde was 
washed with sodium carbonate solution, dried over calcium chloride, and 
distilled in a current of nitrogen which had been treated with pyrogallol 
solution, soda lime, and sulfuric acid. Merck’s ‘^purest” benzaldehyde 
gave identical results in trial experiments and was also used. Technical 
benzaldehyde, even when purified by w^ashing with alkali and with water 
followed by distillation in a current of pure nitrogen after drying, gave 
variable results. 

The sensitiveness of the benzoin reaction to traces of impurities in the 
benzaldehyde used has been commented on by Stern (9). Slight contami¬ 
nation of the hydrogen in which the benzaldehyde was distilled inhibited 
the reaction. The nature of the impurity was not traced, but it may have 
been hydrogen sulfide. 

It is essential that the benzaldehyde should be free from benzoic acid, 
since this directly attacks the cyanide (1). To avoid oxidation, the 
aldehyde was stored in small lots in an atmosphere of purified nitrogen. 

The formation of acid in any lot was detected by a fall in the yield in 
check experiments. Quinol cannot be used to inhibit oxidation as it is a 
negative catalyst for the benzoin reaction (see Part II^). 

Potassium cyanide 

Kahlbaum’s or Merck’s ^^purest” potassium cyanide was used. As 
received, these cyanides contained traces of moisture, but after drying at 
llO^’C. at 2 mm. for 2 hours (11) analysis showed 100 ±0.05 per cent potas¬ 
sium cyanide. The dried material was stored in small lots out of contact 
with carbon dioxide and water, and was weighed in a closed bottle. 

EXPERIMENTAL METHODS 

The benzaldehyde was weighed in a closed bottle and poured into the 
glass reaction bottle, an allowance, experimentally determined, being made 

^ To appear in the next issue. 
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for the benzaldehydc adhering to the sides of the weighing bottle. The 
reaction bottle was previously washed with pure acetone and with distilled 
water and heated at lOT^'C. in an oven; the bottle had a heat capacity such 
that on adding the benzaldehydc^ its temperature fell close to 1()0°C. 

Immediately the benzaldehyde had been poured in, the necessary 
amount of potassium cyanide was added, and the reaction bottle sealed 
with a glass stopp(‘r, a rubber washer, and a spring clip. Each washer was 
thoroughly cleaned with acetone and distilled water before use, and was 
discarded after it had bcien used thrice. 

The sealed bottle was shaken in a thermostat at two vibrations per 
second at 100 i 0.2°C\ The time of shaking was controlled by a stop 
watch. 

No difficulty was experienced in repeating experiments to within 0.1 
g. benzoin. 

SOLUBILITY OF POTASSIUM CYANIDE IN BENZALDEHYDE 

Experiments have shown that bcmzaldehyde even at 100°C. does not 
dissolve potassium cyanide (cf. Stern (9)). 

SOME I'KELIMINAUY EXPERIMENTS 

A nunib(‘r of exp(‘nnu‘nts wen* made* to examine the effect of certain 
external factors on the course of the reaction. It was found that the rate 
of reaction was not affected by addition of ground glass, by increasing the 
rate of shaking, or by using a s(‘aled reaction vessel of thin glass which w’as 
previously evacuat(‘d at 2 mm. pressun*. It can be concluded therefore 
that the reaction w\as not affect(‘d by the glass surface nor by the rubber 
washer, nor by tla* jireseiice of air in the reaction vessel. 

It should b(* emphasized that in spite of these experiments there is pres¬ 
ent a constant factor which iioisons about 0.17 g. of potassium cyanide. 
Experiments in which smaller quantities of cyanide w^re used to trace this 
factor will be discussi'd later. 

THE ACTION OF PURE POTASSIUM CYANIDE ON PURE BENZALDEHYDE 

It will be clear from the experiments mentioned above that pure potas¬ 
sium cyanide and pure benzaldehyde readily yield benzoin. As will be 
described later, the reaction is inhibited by impurities present in the 
potassium cyanide; this phenomenon explains the failure of Lacimiann to 
obtain benzoin except in the presence of water or of benzoin itself. 

Figure 1 shows the results of experiments on the rate of formation of 
benzoin at 100°C. The points and dotted curves refer to experimental 
results; the full curves liave been calculated (see below). 

An examination of the curves show^s that: (a) The reaction is auto- 
catalytic. (b) The initial rate of reaction depends on the quantity of 
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potassium cyanide present, (c) Once normal reaction has begun the 
rate is almost independent of the quantity of potassium cyanide present; 
thus, when rapid reaction has set in, the slope of the curve for 0.2 g. of 
potassium cyanide is almost the same as that of the curve for 6.2 g. (1 mol. 
proportion of potassium cyanide), (d) The autocatalyzed stage of the 
reaction is succeeded by a period of deceleration most marked with the 
smaller quantities of potassium cyanide. 

We are evidently dealing with two concurrent reactions. The presence 
of potassium cyanide is necessaiy to produce benzoin, because if benzoin 
and benzaldehyde are shaken together at 100®C. the quantity of benzoin 
does not increase. Once benzoin is formed a second reaction sets in, in 



which benzaldehyde, potassium cyanide, and benzoin together yield 
benzoin. 

Experiments in which 1 g. of benzaldehyde was replaced by 1 g. of ben¬ 
zoin showed that added benzoin behaves in the same manner as benzoin 
formed in the reaction. 

THE QUANTITY OP POTASSIUM CYANIDE EFFECTIVE IN PRODUCING REACTION 

Experiments at 100®C., some lasting up to 30 hours, with 10 g. of benzal¬ 
dehyde and increasing quantities from 0.1 to 0.2 g. of potassium cyanide, 
benzoin being added to serve as a catalyst, showed that the formation of 
benzoin began only with 0.18 g. potassium cyanide. 

Experiments were then made in which 20 g., 10 g., and 5 g. of benzalde¬ 
hyde were shaken, respectively, with 1.0 g., 0.5 g., and 0.25 g. of potassium 
cyanide. The results are plotted in figure 2, the quantities obtained from 
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20 g, of benzaldehyde being halved and those with 5 g. being doubled. The 
three curves do not coincide but instead, as the quantity of cyanide de¬ 
creases, the relative rate of reaction falls off. 

On the same figure there are plotted the results of an experiment with 10 
g. of benzaldehyde and 0.3 g. of potassium cyanide; the results correspond 
closely with the doubled quantities from 5 g. of benzaldehyde and 0.25 g. of 
potassium cyanide. 

A study of figure 2 indicates that we can assume that 10 g. of benzalde¬ 
hyde and about 0.33 g. of potassium cyanide yield twice as much benzoin 



in a given time as 5 g. of benzaldehyde and 0.25 g. of potassium cyanide. 
If then y is the quantity of potassium cyanide rendered inactive we have 

0.33 - y = 2 (0 25 - y) 

whence 

y - 0.17 

This is in agreement with the results of the direct determination. 

In what follows we subtract 0.17 g. from the “gross'’ quantities of potas¬ 
sium cyanide used in each experiment to obtain “net" effective quantities. 

The inhibiting factor 

Having established the fact that in some way up to 0,17 g. of potassium 
cyanide was poisoned in each experiment, attempts were made to determine 
the cause of this. 

In the preliminary experiments (p. 729) made in the early stages of the 
research, 1 g. of potassium cyanide was used. As figure 1 shows, with this 
quantity of cyanide the rate of reaction is not sensitive to small changes in 



732 


D. B. NADKABNI, S. M. MEHTA, AND T. S. WHEELEB 


the amount of cyanide, so that it became advisable to repeat such experi¬ 
ments with smaller quantities of cyanide (table 1). 

Three factors might be responsible for the poisoning; (a) the glass of the 
bottle; (b) the rubber ring used to seal it; and (c) small quantities of 
oxygen enclosed in the bottle. 

It will be seen from table 1 that if the rubber washer is removed, benzoin 
can be obtained from 0.15 g. of potassium cyanide. In the presence of 1 g. 
of rubber no benzoin is obtained from 0.15 g. of potassium cyanide. It is 
possible that the effect of rubber is due to the sulfur it contains for, as 
will be shown later (Part II), sulfur is a powerful anticatalyst for the re¬ 
action. 


TABLE 1 


SZPT. 

NO. 

BBN- 

ZALDK- 

HYDB 

VSBD 

KCN 

USED 

TIME OF 
SHAK¬ 
ING AT 

100*C 

BPBaAL CONDITIONS 

YIELD 

OP 

BEN¬ 

ZOIN 

CONCLUSION 


Qrams 

grama 

hours 




1 

10 

0 15 

4 

Sealed in an atmos¬ 
phere of nitrogen 

1 69 

Oxygen of air or rubber 
appears to stop the 
reaction 

2 

10 

0 15 

4 

Sealed in air 

1 70 

Oxygen does not stop 
the reaction 

3 

10 

0 15 

4 

Sealed in air with rub¬ 
ber pieces (1 g. pres¬ 
ent) 

Nil 

Rubber stops the reac¬ 
tion 

4 

10 

0 10 

5 

Sealed in air 

0 2 


5 

10 

0 10 

5 

Sealed in an atmos¬ 
phere of nitrogen 

0.17 


6 

10 

0 05 

5 

Sealed in air 

Nil 

Residual inhibiting 

7 

10 

0.08 

5 

Sealed in an atmos¬ 
phere of nitrogen 

Nil 

1 factor present 


Even with a reaction vessel sealed in an atmosphere of nitrogen, no 
benzoin is yielded by less than 0.10 g. of cyanide. The reason for this is 
still obscure. 


THE ACCELEBATED STAGE OF THE BEACTION 

In the mathematical formulation of these reactions in highly condensed 
systems, of the type in which a solvent itself is undergoing reaction, it has 
seemed to us preferable to use molecular concentrations (mole fractions) 
rather than volume concentrations. This is unusual, but may be justified 
by the following consideration; If in a reacting mixture of benzaldehyde 
and benzoin, one imagines a benzaldehyde molecule surrounded by a closely 
packed mixture of benzaldehyde and benzoin molecules, then the number 
of collisions it will make in a given time with surrounding benzoin mole- 
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cules depends not so much on the total volume of the liquid, which will 
not vary greatly as benzaldehyde is converted into benzoin, but on the 
fraction of benzoin molecules among the surrounding molecules, that is, 
on the mole fraction,^ 

It is admitted that this consideration has only approximate validity, 
since the molecules of benzoin are larger than those of benzaldehyde, but 
it forms an approach to what is practically a new branch of chemical 
kinetics, in which there is little precedent to follow. 

An examination of the curves obtained with small quantities of potas¬ 
sium cyanide when the autocatalytic® reaction is predominant indicates 
that the total rate of this reaction in a given system is independent of the 
quantity of potassium cyanide present (p. 729), but is proportional to the 
total amount of benzoin present, and to the square of the molecular fraction 
of benzaldehyde. This can be interpreted to mean that the rate of this 
homogeneous reaction is proportional to the number of collisions of mole¬ 
cules of benzoin each with two molecules of benzaldehyde (p. 737). We 
may write therefore, 

Total rate of homogeneous reaction in a given system = 

Ki [aHtCHO]* CeHtCOCHOHgHi. (1) 

where CeHsCOCHOHCcHB stands for the total amount of benzoin present 
in the system. 

Since this reaction which is accelerated by benzoin requires the presence 
of potassium cyanide, but is not affected by the total quantity present, it 
would seem that it is the trace of potassium cyanide dissolved in bcnzal- 
dehyde which induces the reaction. 

The slower reaction involving the initial production of benzoin, is found 
by analysis of the reaction velocity curves to have, in a given system, a total 
rate proportional to the total quantity of potassium cyanide present, and 
to the square of the molecular concentration of benzaldehyde. Since 
potassium cyanide is practically insoluble in benzaldehyde at 100®C., it is 
evident that the proportionality factor for the quantity of potassium 
cyanide is in reality a factor for the total surface of potassium cyanide 
present, as this with uniform cyanide is proportional to the total quantity 
present. We may therefore (see p. 738) regard the reaction as hetero¬ 
geneous, and as having a total rate proportional to the total surface of 
cyanide present, to the fraction of the surface covered, and to the rate at 
which benzaldehyde molecules collide with unit area of surface. 

* It is assumed that a given molecule is always surrounded by the same number 
of neighboring moleoules. 

* A discussion of the mathematical treatment of simple autocatalytic reactions 
(logistic equation) is given by Reed and Berkson (J. Phys. Chem. 33,7^ (1929)). 
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We have consequently, 

Total rate of heterogeneous reaction =* fcICeHsCHO]* KCN 


where KCN stands for the total amount of potassium cyanide present. 
For a given quantity of potassium cyanide in the system we may write, 

Total rate of heterogeneous reaction « felCdHsCHO]^ (2) 


We may now proceed to write the differential equation for the concurrent 
reactions. 

Let n be the number of moles of CeHfiCHO remaining at time and N == 

N ^ n 

the number of moles of benzaldehyde initially taken. Then —^— = the 

N + n ^ 

number of moles of benzoin present at time ^— = total number of 

^ 2n 

moles present, and molecular fraction of benzaldehyde = ^ 

Then the total rate of reactions 1 and 2 is given by 


dn / 2n \* /iV^ ~ n\ / 2n 

dt ” (ivTnj \ T~ j 


(3) 


SO that, 

, -iV> . JV(3,V + 2X)Inn (2Ar + X)Un (JV + A' - n) ,,, 

- 2*:. U - c; - (Y ^ + (N + Xy {N+xy 

where X = 2ki/ki, and c is a constant. 

For calculation purposes it is more convenient to express quantities in 
grams than in moles, and for a system containing initially 10 g. of benzal¬ 
dehyde, equation 4 becomes, when * is small, 

t-c'~ - [- + 3.45 log n' - 4.60 log (10 + X’ - n')] 

where c', n', X' refer to gram-units; ki is independent of the units in which 
the benzaldehyde is expressed. 

For the experiments under consideration, ki = 5.7, and fcj for 1 g. of 
effective potassium cyanide per 10 g. of benzaldehyde = 0.185. Hence 
we have the values given in table 2. 

The equations to be employed for (a) 0.2 g. of potassium cyanide and 
for (b) 6.2 g. of potassium cyanide for 10 g. of benzaldehyde are, respec¬ 
tively, 

(a) -5.7(1-3.70) ■= ^ + 3.45 log n'- 4.60 log (10.002 - n') 

71 

(b) -5.7 (t - 0.76) - ^ +3.3 log n' - 4.4 log (10.4 - »') 
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Equations for other quantities of potassium cyanide are obtained in a 
similar manner. 

The application of these equations to calculate the course of the time 
reaction curve for the accelerated stage is shown in figure 1. During the 
accelerated stage of the reaction the experimental and calculated results are 
in satisfactory agreement. It should be stated that the homogeneous 
catalyzed reaction is much the faster of the two reactions involved. 

THE LATER STAGES OF THE REACTION 

The rapid decrease in the rate of reaction when about lialf of the ben- 
zaldehyd(‘ present lias been converted is a striking feature of the experi¬ 
mental curves. 


TABLE 2 


KCN l 8ED 
(«) 

K('N BFFBtTlVK 
(^>-a-017) 

ki ^0.1856 

il 

U 

grama 

grams 



0 2 

0 03 

0 006 

0 002 

0 3 

0 13 

0 024 

0 01 

0 33* 

0 16 

0 030 

0 oil 

0 4 

0 23 

0 043 

0 015 

0 5 

0 33 

0 061 

0 02 

0 59t 

0 42 

0 08 

0 030 

1 0 

0 83 

0 15 

0 05 

3 0 

2 83 

0 53 

0 20 

6 2 

0 03 

1 12 

0.40 


• Double quantities for 5 g. of C*H 5 (’HO -f 0.25 g. gross KCN. 
t Half quantities for 20 g. of CftHfiCHO -fig. gross KCN. 


This consideration led to the determination of the solubility of lienzoin in 
benzaldehyde at 100°C.; 10 g. of benzaldehyde at l()()°(k dissolve' 10.4 g. 
of b(‘nzoin, so that when about 50 per cent of the benzaldehyde has been 
conv('rted, saturation of the remaining aldehyde with benzoin occurs, and 
any further formation of benzoin involves precipitation of this substance. 
This consideration, while it explains a falling-off in the rate of reaction, 
does not show why this decrejise is more rapid with the smaller quantities 
of potassium cyanide. 

This pheuiomenon can be explained by assuming that the precipitated 
benzoin adsorbs dissolved cyanide from the solution. With a small quan¬ 
tity of cyanide a small quantity of benzoin will remove all from solution; 
with a large quantity of cyanide a large quantity of benzoin must be 
precipitated before all the cyanide is removed. We expect, therefore, that 
with a large quantity of cyanide the fall in the rate of reaction will be due 
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for the most part to a contraction in the amount of saturated solution 
and not to the stoppage of the homogeneous reaction. We can, accord¬ 
ingly, calculate the rate of reaction as follows: 

Let B = number of moles of benzoin soluble in 1 mole of benzaldehyde 
at lOCC. If the solution first becomes saturated when m moles of benzal¬ 


dehyde remain, we have then 


(^) 


Bm = 


moles of benzoin, and hence 

N — m 


and 


N 


2B + 1 

The total rate of reaction when the solution becomes saturated is (see 


equation 3) 

h ^ 


dm 

dT 


2711 

N -f- m 


/AT - m\ . , / 2m k, ( BiV . 

M 2 y + + W “ ili+iy + 2) 


If now for convenience in calculation we work in grams and put /?' = 
number of grams of benzoin soluble in 1 g. of benzaldehyde at 100®C., 
and assume that the solution first becomes saturated when m' grams of 
benzaldehyde remain, we have 


^ B 


and 


-dm' 

dt 


2ki 




Putting ki = 5.7, N' 


10, Z' = 0.4,^ and B' = 1, we have 
-dm' 11.4 


d^ 


9 


(5 + 0.4) 


As a first approximation, we can neglect the heterogeneous reaction with 
potassium cyanide and write 


dm' 

Id 


11.4 X 5 
9 


6.4 


Since it is a uniform saturated solution of benzoin in benzaldehyde 
which is undergoing reaction we have, 


dw' 

"dJ 


V' 

—;X 

m' 


dm' 

IT 


6 . 4 ?? ^ 

m' 


* This corresponds to 6.2 g. of potassium cyanide (table 2). 
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And since wl = 5, 
whence, 


dn ' 

dt 


1.28n' 


—^ + c « 0.78 In n' « 1.80 log n' 
When / = 1, n' = 5, SO wc have 

- t -f- 2.26 = 1.80 log n' 


The ai)plication of this equation to calculate the course of the reaction 
velocity curve for 6.2 g. of potassium cyanide from 5 g. of benzoin onwards 
is shown by curve 1 in figure 1. The agreement is satisfactory. When the 
quantity of benzoin formed is large, the homogeneous reaction is affected 
by removal of potassium cj^anide and the actual rate decreases more rapidly 
than the calculatc'd rate. 

The agreement with the calculated equation for 3 g. of potassium cyanide 
is also found satisfactory (see figure 1, curve 2, from 5 g. of benzoin 
onwards). 

With smaller quantities of potassium cyanide, i.e., quantities less than 
3.0 g., the dissolved cyanide is removed too rapidly to enable the above 
equations to apply. 


EXPERIMENTS WITH POTASSIUM CYANIDE AND BENZALDEHYDE AT 30°C. 

Curves in figure 3 show the results of some experiments at 30®C.' They 
are of interest as showing that pure benzaldehyde and pure potassium 
cyanide can yield benzoin at room temperature. 


THE MECHANISM OF THE HOMOGENEOUS BENZOIN REACTION IN THE ABSENCE 

OF WATER 

The experimental results show that the total rate of this reaction is 
proportional to 

[C,H6CHQ] ^C6Hi.CHQHCOC6H5 

molecular fractions being used in place of concentrations. If the reaction 
involved is of the type 

C5H5CH(0K)(CN) -f CbHfiCHO + CeHiCHOHCOCeH,-^ 

C6H6C(OK)(CN)CHOHC6Hfi + CeHgCHOHCOCeHfi 

then if, as is likely, the concentration of C6H6CH(OK)CN, that is, of dis¬ 
solved potassium cyanide, is proportional to the concentration of benzal¬ 
dehyde, we can write the rate of reaction as proportional to 

[CsH^CHOl^gHsCHOHCOC^Ht 
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The mechanism necessary to explain these kinetic results is essentially 
the same as that suggested by Lapworth (6). 

While the un-ionized form of the cyanohydrin compound has been 
written, it may be that even in benzaldehyde solution the trace present is 
always ionized. On the other hand, as regards the mobility of the hydro¬ 
gen atom in the cyanohydrin compound, it would not appear to be im¬ 
portant whether it is or is not ionized. 

The necessity for the presence of benzoin before the homogeneous re¬ 
action can proceed is not easy to explain. 



THE MECHANISM OF THE HETEROGENEOUS BENZOIN REACTION IN THE 

ABSENCE OK WATER 

This reaction obviously takes place at the surface of the undi.s.soIved 
potassium cyanide. The total rate of formation of benzoin in this reaction 
may be regarded as proportional to the number of collisions of benzaldehyde 
molecules on that portion of the potassium cyanide surface which is covered 
by similar molecules. If the adsorption is small, then the fraction of the 
surface covered by the benzaldehyde molecules will be proportional to the 
concentration of benzaldehyde in the liquid phase (3), the number of colli¬ 
sions on the whole surface is also proportional to the benzaldehyde con¬ 
centration, while the area of the whole surface varies with the amount of 
potassium cyanide present. Accordingly the rate of formation of benzoin 
under these conditions is proportional to 

IC,H,CHOJ‘KCN 

which is the equation deduced from the kinetic data (p. 734). 


A STUDY OF THE BENZOIN REACTION. I 
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The mechanism of this reaction is much the same as that postulated 
for the homogeneous reaction. We assume that the adsorbed benzal- 
dehyde is present as the cyanohydrin compound, and that when collision 
occurs, condensation to the benzoin cyanohydrin compound takes place. 
This then eliminates benzoin. In the formation of the cyanohydrin 
compounds the potassium and cyanogen ions may remain partly attached 
to the potassium cyanide lattice, reverting to it when eliminated from the 
potassium cyanide compound. 


SUMMARY 

]. It is shown that pure potassium cyanide and pure bcnzaldehyde react 
in absence of water to give benzoin. 

2. Two concurrent reactions take place—a fast homogeneous auto- 
catalytic reaction and a slow heterogeneous reaction. 

3. The results have been treated mathematically on this basis. 

4. The mechanisms of the reactions in the absence of water have been 
discussed. 
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NEW BOOKS 

Line Coordinate 'Charts for Vapor Pressure-Temperature Data. By Frank E. E. 

Germann and Odin S. Knight. 2 charts, 22.9 x 61 cm. University of Colorado, 

Boulder, Colorado. Price: $2.00. 

One of the great obstacles in physical, organic, and industrial laboratories has 
been the lack of at least approximate vapor pressure-temperature data. The 
authors have supplied this need by the production of a line coordinate chart based 
on the integrated form of the Clausius-Clapeyron equation. The reciprocals of the 
absolute temperatures have been plotted against the logarithms of the vapor pres¬ 
sures over the range of 600 to 900 mm. The vapor pressures obtained by various 
authors have been studied, and weighted curves drawn. In all cases the individual 
variations among the results for a given compound are greater than the possible error 
made in assuming the lines to be straight. 

The 183 compounds given are conveniently separated into chain and ring com¬ 
pounds. Each class is provided with two scales: chain compounds, 0° to 125°C. 
and 105° to 230°C.; ring compounds, 65° to 225°C. and 185° to 390°C. The use of 
these charts makes calculations for corrections in boiling points due to variation in 
pressure unnecessary. The charts permit temperature readings within 0.25°C. 
if the pressure is known, or pressures within 2 mm. if the temperature is known. A 
knowledge of the prevailing barometer pressure only is required. 

Ample directions are given for the interpolation of boiling point or of vapor 
pressure values, and for the insertion of new data as it may appear. These 
charts will meet a long-felt want in all laboratories, whether at sea-level or at higher 
altitudes. 

J. N. Pearce. 

The Solid Products of the Carbonization of Coal. Chemical Department, South 

Metropolitan Gas Co. Paper cover; 123 pp.; 41 figures; 45 tables. London: 

South Metropolitan Gas Co,, 709 Old Kent Road, S.E. 15, 1934. 

This monograph gives the results of an original investigation conducted by the 
chemical staff of the South Metropolitan Gas Co. over a period of several years in an 
endeavor to increase the use of coke as a domestic fuel. Following a short intro¬ 
duction, C’hapter II, on an investigation into the possibility of producing by the 
carbonization of coal a smokeless solid fuel suitable for the domestic grate fire, 
describes test methods for determining the ignition temperature, combustibility, 
reactivity to carbon dioxide, steam, and sulfuric acid, and electrical conductivity 
of cokes and chars. Application of these tests to a series of cokes made at increas¬ 
ingly higher carbonizing temperatures, ranging from 500 to 1050°C., showed that 
reactivity to air, carbon dioxide, steam, and sulfuric acid decreased and electrical 
conductivity increased with increasing temperature of carbonization. These 
changes in coke characteristics were most marked at about 700°C. carbonization 
temperature and coincided with the change in appearance from a dull black to the 
characteristic silvery sheen of high temperature coke. The absorptive capacity 
of the cokes for carbon dioxide increased sharply with increasing temperature of 
carbonization up to a maximum at 700°C., and then fell rapidly. Deposition of 
graphitic carbon reduced slightly the reactivity of the high temperature cokes but 
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seemingly was not the major cause of the large difference between low and high 
temperature cokes. Alteration of the physical structure produced by any modifica¬ 
tion of the high temperature carbonizing process likely to be practicable was quite 
ineffective in producing a substantial improvement in the combustibility of the coke. 

As a result of this investigation the authors believe that the difference in reac¬ 
tivity between low and high temperature coke is due to a profound change in chem¬ 
ical rather than physical structure. Assuming that the benzene ring nucleus plays 
an important part in the chemical structure of coal, they believe that in the low 
temperature carbonization of coal, i.e., below 700®C., side chains are stripped from 
the nucleus without coalescence of these nuclei; whereas, in carbonization above 
700°C., the single nuclei coalesce to form complex polycyclic compounds coincident 
with a marked evolution of hydrogen. The closer association of the carbon atoms 
without the frequent interposition of hydrogen atoms suggests a plausible explana¬ 
tion of the reduced chemical activity. 

Chapter III states the characteristics of a satisfactory low temperature fuel as 
having a size between 1 and 2 inches, low ash, not over 5 per cent moisture, about 
13 per cent volatile matter, and an electrical resistivity of not less than one million 
ohms. In order that the coke may be readily ignitable and freely burning in the 
ordinary domestic grate the coal must be carbonized below 700®C. 

Chapter IV, on the use of high temperature coke as a domestic fuel, describes 
the *‘metro” coke grate which was developed for use of high temperature gas cokes. 
Burning tests and the effect of residual volatile matter, size, ash, and volume of ash 
on the performance in grates and domestic hot water boilers are given. Optimum 
characteristics are size 1 to 2 inches, moisture 3 per cent, volatile therms per ton 2|, 
and as low ash volume as possible. 

Although high combustibility is not of the same importance in American practice 
because coke is used in central heating furnaces rather than open grates, yet Amer¬ 
ican fuel technologists will find this monograph worthy of careful study. Physical 
chemists will be interested in the theory advanced in explaining the reduction of 
reactivity with increasing temperature of carbonization. 


A. C. FiKLDNER. 



THE ELECTROKINETIC POTENTIAL AND THE STABILITY OF 

COLLOIDS* 

HANS MUELLER 

Department of Physics^ Mae&achusetis Institute of Technology^ Cambridge^ 

Massachusetts 

Received June 

Experimental e\'idence (6) shows that the stability of hydrophobic 
colloids is determined by the elcctrokinetic potential of the particles. In 
the case of hydrophilic colloids, however, the experiments indicate (1,4) 
that coagulation depends primarily on the amount of hydration, while the 
f-potential seems to be of much less importance. The question arises, 
therefore, whether the electric forces are sufficient to explain the stability 
of hydrophobic colloids. This problem has been investigated by A. 
March (3). He finds that the observed elcctrokinetic potentials are at 
least ten times too small to account for the existence of colloids with 
microscopic particles. March comes to the conclusion that the stability 
of colloids is essentially due to the existence of a protecting skin around 
every particle. This result is in agreement with the fact that colloidal 
particles do not grow or flow together during coagulation. Even liquid 
particles remain separated after coagulation. In view of the experimental 
facts, it seems natural to assume that in the case of hydrophilic colloids 
this protecting skin is formed by the hydrated water molecules. 

For hydrophobic colloids this explanation can obviously only be ac¬ 
cepted if we can understand the origin and nature of this protecting skin. 
We must prove that the energy necessary to destroy this skin is larger 
than the energy of the temperature motion of the partices. Finally its 
existence must be closely connected with the elcctrokinetic potential in 
such a way that its influence vanishes with small {“-potentials. 

In a recent paper (5) I have proposed the following explanation of the 
origin of this protecting skin: The electric double layer creates a very 
strong inhomogeneous electric field around each particle. This field pro¬ 
duces by electrostriction a large hydrostatic pressure in the range of the 
double layer. We find, therefore, around each particle a thin shell where 
the water is under considerable pressure. It is this shell which acts as the 
protecting skin. According to this theory the mechanism which produces 

'Presented before the Eleventh Colloid Symposium, held at Madison, Wiscon* 
sin, June 14-16, 1934. 
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the stability of colloids is very similar for hydrophilic and hydrophobic 
sols. The difference lies in the fact that in hydrophilic colloids the water 
molecules are “attached” to the surface of the micelle by chemical (ad¬ 
sorption) forces and hence coagulation is to a large degree independent of 
the f-potential. In hydrophobic coUoids the water molecules are only 
“attracted” to the surface by the electrostatic forces of the double layer, 
and hence their stabilizing influence diminishes as the f-potential gets 
smaller. 

The energy of this electrostatic effect can be calculated by means of the 
same considerations as given by Zwicky (7) for the electric field around 
ions. We consider a plane diffuse double layer. If the f-potential is not 
larger than 60 millivolts the electric potential ^ at a distance x from the 
surface of the particle is given by 

<P = 

where = X is the effective thickness of the double layer. The electric 
K. 

field at the distance x is 


E = Kfc-** 


and the dielectric polarization 

P = 

47r 

where D is the dielectric constant of water. We use the value D = 80. 
Dielectric saturation effects can be neglected. According to A. H. Lorentz 
and Dallenbach (2) the force exerted on 1 cc. of the dielectric is then 




(D- l)(3I> + 7)1pd£ 


E 


dx 


and hence the hydrostatic pressure p at the distance x from the surface 


-i: 


Fdx = 155r*X*e-*** 


The maximum pressure exists along the surface x = 0 and reaches the 
value 

Po == 17 10“'® kg. per cm.® 


In this formula f is the value of the potential in volts and has usually 
values smaller than 0.1. For a monovalent electrolyte K* has, according 
to Debye and Hiickel, the value 


X® = 7-1.07 X lO's 
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where 7 is the molar concentration of the electrolyte. Using f = 0 . 1 , 
7 = 1/1000 we get therefore a maximum pressure of about 18 atmospheres. 

Five to ten times larger values of this pressure can be calculated if we 
take into account the curvature of the surface of small colloidal particles. 
In the case of a spherical particle the potential decrease is given by 


<f> 



and since the pressure depends on J? = — ^ and ^ ^ one realizes 

or or or^ 

that this more rapidly decreasing potential gives rise to a larger pressure.^ 
It is intended to show here only that the proposed theory gives results 
of the correct order of magnitude. We shall, therefore, consider only the 
case of the plane double layer, keeping in mind, however, that for colloids 
the numerical values of all results will usually be considerably larger. 

This hydrostatic pressure will result in a volume contraction of the 
colloid and leads to the conclusion that agglutination produces an increase 
of the volume. This increase is given by 



where k = 45-10“® is the compressibility of water and N [the number of 
colloidal particles in one liter. The calculation gives, with the most 
favorable assumptions, an increase of 10 “® to 10 “^ cc. for one liter of col¬ 
loid. Linder and Pic ton ( 8 ) observed an expansion of this order of mag¬ 
nitude for a sol of ferric hydroxide. 

While the work of compression JpdV is small and can be neglected, 
Zwicky has pointed out that this electrostrictive effect produces an appre¬ 
ciable change of the free energy of the water. According to measurements 
of Bridgman the specific heat of water at room temperature decreases under 
the influence of pressure, and the free energy diminishes likewise. For 
small pressures the energy decrease is nearly linear and has the approxi¬ 
mate value 


At/ = 1.34-10“* cal. per gram = 5.6-10^ ergs per gram 
for a pressure of 1 kg. per cm*. 

The layer of compressed water on the surface of a colloidal particle is 

*The calculation of this case has been carried out, but since the result cannot 
be given in analytical form, it will not be given here. The above expressions for 
Ip are only valid for small values of f. The solution for large values of 1* leads 

to even larger values of ^ and hence to still larger pressures. 
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therefore the seat of a negative free energy. The amount of energy neces¬ 
sary to destroy 1 cm.* of this fihn is given by 

17 = j 5.6* 10*p 6x = 4.8- 10~*Xf* ei^ per cm.* 

Introducing again f = 0.1, y = 1/1000 gives 

U — 0.5 erg per cm.* 

If we use the accurate solution for the plane double layer (5) for a Z-Z 
valent electrolyte the expression for U is 

U = 4.8-10-'irzf*(^i^^y 

where 



k = Boltzmann’s constant, and e = electronic charge. This gives for Z 
= 3, 7 = 1/1000, and f = 0.1 

U = Z ergs per cm.* 

Taking into account the curvature of the surface we can expect values of 
10 ergs per cm*. This is almost of the same order of magnitude as the 
surface tensions of liquid-liquid interfaces, and we can readily under¬ 
stand that this surface layer of compressed water is able to stabilize the 
colloid. 

If we assume that coagulation can occur only if this surface layer is de¬ 
stroyed in the area of contact, and if we assume that for large particles 
this area of contact is larger than 10~“ cm.*, we see that the temperature 
motion of the particles is not large enough to destroy the protecting skin. 
Hence, the colloid is stable. A small reduction of the ^-potential decreases 
the energy necessary to produce coagulation, and since U is proportional to 
f* the stability of a colloid is very sensitive to small changes of the elec- 
trokinetic potential. 

Making allowance for the approximations used, the proposed theory is 
therefore able to explain the dependence of the stability of hydrophobic 
colloids on the electrokinetic potential. 

It is interesting to note that the theory leads to the conclusion that the 
degree of stability of hydrophobic colloids should decrease rapidly for 
temperatures above 80®C. Bridgman’s measurements show that above 
80®C. the free energy of water decreases only slightly with pressure. For 
pressures larger than 1000 kg. per cm.* the energy increases at this tem- 



ELECTROKINETIC POTENTIAL AND STABILITY OF COLLOIDS 747 


perature. It seems possible that the coagulation produced by heating of 
certain hydrophobic colloids (Pt) is a consequence of this effect. 

The electrostrictive effect will also reduce the specific heat of colloids. 
This effect can be calculated with the method given by Zwicky (7) for 
electrolytes, but owing to the small number of colloidal particles this effect 
is too small to be measured. 

The magnitude of the electrostrictive effect depends on the type of elec¬ 
tric double layer, but it will exist even for a Helmholtz double layer. 
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Received June 14, 1934 
INTRODUCTION 

At a previous Symposium (1) I have had the pleasure of reviewing the 
theory and experiments pertaining to the influence of size, shape, and con¬ 
ductance of microscopically visible particles on their electric mobilities. 
Since that time publications by Mooney (14), by Henry (13), and by 
Bikerman (10) have given further information which has increased our 
perception of the difficulties involved in correlating theory with experi¬ 
ment and which is suggestive of further experimentation. At this Sym¬ 
posium rather than review these advances it seems desirable to consider 
certain other developments in the treatment of the f-potential and the net 
charge density, a, of the surfaces of large particles. If large particles in 
simple salt solutions arc considered, much of the difficulty met in applying 
the theory of electrokinetics to small particles is avoided. It has been 
found that if the effects of salts not reversing the sign of surface charge are 
investigated in the light of modem electrolytic theory, certain simplifica¬ 
tions result. These simplifications have consisted of a study of surfaces 
the charges of which depend primarily upon: (1) adsorption of ions 
(quartz, graphite, etc.); (2) ionization (amorphous proteins). 

Although the complex arrangements existing at cell surfaces have, as 
yet, prevented our obtaining a picture suitable for all cells, in certain 
instances, the study of biological materials like blood cells, bacteria, and 
immune substances indicates that surfaces with properties somewhat 
similar to these two limiting types may be encountered (2). With the 
glimpses of possible arrangements obtained by means of the simpler 
chemical models to be presented here, it is hoped that an appreciation of 
the simpler models will justify our dissatisfaction with mere glimpses, and 
that further study of these models in connection with experiments on the 
biological materials themselves will enable us to find the constitution and 
properties of cell surfaces more comprehensible. 

^ Presented before the Eleventh Colloid S 3 Tnposium, held at Madison, Wisconsin, 
June 14-16, 1934. 
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IONS 

If the concentration of an aqueous solution of, say, potassium chloride 
is increased, the electric mobilities of the ions, K+ and Cl~, decrease. This 
tjqiical decrease in the ionic electric mobility, v, is depicted in figure 1, 
where the change in Vk+ with the molar concentration, c, of potassium chlo¬ 
ride is given. Note that the value of Vk+ is greatest at infinite dilution, 
and that the decrease in i;k+ can be approximately described by the equa¬ 
tions of the Debye-Onsager theory. The case of ionic electric mobility 
of this type represents the limiting case of a very small particle, the charge 
of which remains constant while the electric mobility changes. 

^'iNERT'^ SURFACES 

In the cases of inert and of protein surfaces, and also, of biological sys¬ 
tems, the problem becomes more general in nature, for we must deal with 
particles having diameters from the order of 1 X 10“^ cm. to those of the 



Fig. 1. Schema Giving Change in the Electric Mobility of an Ion with 
Increasing Concentration op the Electrolyte 
Fig. 2. Typical Curve Showing Effect on f op Increasing the Concentration 

OF A Simple Salt 

order of macroscopically visible particles including flat surfaces. The 
effects of salts on the electric mobility of microscopic and ultramicroscopic 
particles can be readily studied by the method of electrophoresis; or, 
analogously, streaming potentials and electroosmotic mobilities can be 
measured in tubes and diaphragms. These measurements lead to the 
calculation of the electrokinetic potential, f, by means of the equations 
for large particles (13, 14): 


^ irrjv 

(la) 

iTTfJ E 

D PR 

(lb) 

ivriU 

ro = -^ 

(Ic) 
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Here fip, and fo refer to values of the electrokinetic potential calculated 
from measurements of i», the electric mobility, of E, the streaming potential, 
and of w, the electroosmotic mobility, respectively; rj is the coefficient of 
viscosity and D the dielectric constant of the medium; P is the pressure, 
and R is the specific resistance of the liquid in the tube or diaphragm. 
All units are c.g.s. electrostatic. For reasons stated elsewhere it is reason¬ 
able to assume that the values of D and 17 in the electric double layer ap¬ 
proximate those in the bulk. When the radius of the particle is not large 
compared with the effective thickness of the electric double layer, the 
constant iw in equations la to Ic must be modified (13, 14). 

For the past two decades, quantitative measurements of the effect of 


salts on Vy 


K. 

PR^ 


and u have been studied on 


“inert’^ surfaces like glass, 


quartz, paraffin oil, collodion, cellulose, and graphite.^ If we restrict our 
present discussion to salts not reversing the sign of surface charge, and 
calculate f by means of equations la to Ic as the mode of experimentation 
may determine, the shape of the f-c curve is usually that given by figure 
2 . Tliis typical f-c curve on comparison with the v~c curve in figure 1 
differs markedly from the typical v-c curve for ions. On the addition of 
salt, a maximum in the f c curve (figure 2 ) is observed (3), usually at con¬ 
centrations of the order 1 X 10~® Af. The ^-potential 

then decreases in much the same way that simple ionic mobility de¬ 
creases. How can we explain this curious type of curve? Theoretical 
consideration of this problem by Gouy (11), Stern (16), and Gyemant 
( 12 ) indicated that the charging process of the surface must be considered. 
The charge of the simple ion as has been mentioned, remains constant 
as decreases. This is by no means the case with ^‘inert^^ surfaces. 
The net surface charge density, cr, changes as more ions are added to the 
solution (5, 6 , 14, 15). In general, for an infinite plane surface, o- can be 
calculated by combining the Poisson and Boltzmann equations. The 
integrated equation for a is, in systems consisting essentially of two ions, 


^or Vy u, and “ j 


a 



NDkT 
27r X 1000 


Cl [2] 21(2] 





where N is Avogadro^s number, k Boltzmann^s constant, c the molar con¬ 
centration, e the base of the natural logarithm, e th(' electronic charge, 
z the valence, and T the absolute temperature. In case Z] — — Z 2 = Z 3 
in aqueous media, equation 3 reduces to 


<r 




NDkT 
2r X 1000 


\/c sin A 3 


kT 


* References to these publications may be found in the citation, Abramson and 
Mueller, or in detail in Chapters VI, VII, and VIII of the writer’s monograph (2). 
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or 


<r as 2a vV sin A ^ (3a) 

£p 

where a = 17,650 and /3 = 0.025 volt at 18®C, Equations 3 and 3a give 
us a means of following changes in the net surface charge as the number of 
ions in the solution increases. 

Keeping in mind the complex form of the f-c curve (figure 2), examine 
the ff-c curves (figures 3 to 8). It is important to bear in mind that 
values of a given in these curves have been corrected for the original charge 
due to the ions in distilled water (7). In each case the total charge, 
<rr, has first been calculated. This total charge is due both to the ions of 



Fig. 3. The Effect of Salts on the Surface Density of Net Charge on Glass 
The points have been calculated by means of equation 3 from data of Furutani^ 
Kurokochi, and Asoda. The smooth curves have been drawn according to the form 
of the Langmuir isotherm similar to equation 4. 

the solvent and dissolved carbonic acid and to the ions of the added salt. 
If (Tw is that due to the ions of the solvent and carbonic acid alone, the 
charge due to the salt is evidently 


fftp — <rjf = cr 

In every example calculated from the data in the literature (5, 6) for 
surfaces of glass, paraffin oil, silica gel, collodion, graphite, and cellulose, 
irrespective of the nature of the material and irrespective of differences 
in the salts themselves, the type of curve obtained is the same. In each 
instance c increases sharply and almost linearly at low concentrations 
with the charge density apparently reaching a limiting value at about c = 
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O.OOlAf. The descending part of the f-c curve given in figure 2 has fre¬ 
quently been taken to represent a ‘‘discharge” of the surface or of par¬ 
ticles, since aggregation frequently occurs in this concentration range. 




FuJ. 4. The Points on the a-c Curve Have Been Calculated from Data of 
Ellis Published in 1911, and from Data of Mooney (1931) 

The smooth curves have been calculated by means of equation 4 

Fig. 5. The Effect of a Simple Salt on Silica Gel Calculated from Data of 

Glixelli and Wiertelak 
The smooth curves are typical isotherms 



Fig. 6 Fig. 7 

Fig, 6. Similar to the Preceding Three Figures and Calculated from Data 

of Loeb 

Fig. 7. The Effect of Salts not Reversing the Sign of Charge Calculated by 
Means op Equation 6a from Data of Loeb 

Figures 3 to 8 demonstrate that, contrary to this notion, the addition of 
salt may actually be accompanied by an increase of the net charge even in 
the region of rapid coagulation. The complicated course of the curve 
is due to the fact that f depends upon two variables, <r and k (the “recipro- 








764 


HAROLD A. ABRAUBON 


cal thickness” of the diffuse ionic atmosphere), both of which depend on 
c.* We have here done what is tantamount to assuming the validity of the 
theory of the diffuse double layer to obtain the dependence of k on e, 
permitting the calculation of a (c). 

<T and f presumably vary quite differently with c. As c increases 1/k 
decreases. When c is small the increase in a is more important, but as c 
increases the decrease in 1/* becomes more important, flattening out the 
<r-e curve. 

The reader will have noted that the form of all the a-c curves bears a 
strong resemblance to the simple Langmuir adsorption isotherm. The 
smooth curves of figures 3, 4, 5 and 6 have actually been plotted by an 
equation of this form. 


Be 

1 + Be 



Fig. 8. Similar to Figure 7, Calculated from Data of Loeb 


(4) 


where is the initial slope of the a-c curve and au is equal to the limit¬ 
ing value of c within the concentration range. The agreement is excel¬ 
lent and indicates that selective adsorption of the negative ion takes place. 
The curves for the different alkali halogens and alkaline earth halogens 
show fewer variations than the curves for potassium bromide, iodide, 
and chloride. Especially large values of the charge are reached for the 
sulfates and ferrocyanides. The data indicate that for glass, graphite, and 

• The value of k is 

K- i/. 

y 1000 DkT 

where N is Avogadro’s number, e the electronic charge, k Boltzmann’s constant, c 
the concentration in moles per liter, and z the valence. The quantity is equal 
to twice the ionic strength, of Lewis. 
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collodion, the adsorption potential increases in the series 

C1-, Br-, I-; 

Li+, Na+, K+, Rb+, Cs+; 

Mg++, Ba++, Ca++; 

I- (SO4)- [Fe(CN)6]- 

and that in general for these surfaces the adsorption potentials of the posi¬ 
tive ions are considerably smaller than those of the negative ions. 

The initial slope of the <r-c curves leads to values of the adsorption po¬ 
tentials of the same order of magnitude as found for the adsorption of gases. 

It is of interest to calculate (neglecting the adsorption of positive ions) 
the fraction of the area occupied by ions in connection with the limiting 
value of (T. To take the case of glass, (jm = 9000 e.s.u., representing about 
2 X 10^® ions per cm.^ If the area occupied by each ion is taken as 5 
X 10"^® cm.2, the limiting area occupied by the free negative is 0.01 crn.^ 
or 1 per cent of tlte surface. This is a rather higher value than that de¬ 
duced by previous investigators, but is compatible with the type of ad¬ 
sorption postulated by Langmuir^s simple theory of adsorption. 

In a future communication we shall give results of calculations by means 
of equation 3 for the cr-c curve for non-symmetrical cases of polyvalent 
ions not reversing the sign of charge. Using the Debye approximation for 

er 

surfaces where ~ is relatively small, we have obtained preliminary indi¬ 
cations that the form of the curve is exactly the same as that obtained by 
the rigorous expression (equation 3) for uni-univalent salts. Some of 
the curves obtained by the approximate formula are given in figures 7 and 
8 (graphite and collodion). Compare these curves with the cr-c curves 
for the same substances using the full equation. There is obviously no 
difference in the shape of the curves. 

PROTEINS 

The study of the effect of salts on the charge of protein surfaces is simpli¬ 
fied by the fact that the net charge of protein molecules dissolved in simple 
mineral acids can be determined by a thermodynamic method. Thus 
in a protein-HCl solution, we have, for example, 

(Cl-)p, = (Clixotal - ^ 

where the subscript Pr refers to the ions bound by the protein, the 
parentheses represent concentrations, and a and y ^re activity and ac¬ 
tivity coefficient, respectively. If n is the time average of the net charge 
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of the protein molecule, the expression, 


n = (H+)ft - (Cl-)p, 


gives a simple means of determining the net chaise. Evidently the net 
charge of proteins having known molecular weights can be very closely 
determined from suitable electrometric measurements by making certain 
assumptions in regard to the activity coefficients of the ions present in the 
solution. 

It has been found that the changes in charge as determined by thermo¬ 
dynamic methods agree with the changes in charge calculated by means of 
the Debye approximation (8). That is, in solutions of the same ionic 
strength the electric mobility of the same protein at different hydrogen- 
ion activities is directly proportional to the number of hydrogen (hydroxyl) 
ions bound. The theoretical expression predicting this relationship is to 
be found in the Debye-Henry approximation for the potential at the sur¬ 
face, where, for particles the size of protein ions. 


and 


and 


V s= 


6ir 1 } ‘ 


(kt > 30) 


f 


Q 1 

Dr (1 -|- Kr) 


( 6 ) 

( 6 ) 


Q = 4aT*(r (6a) 

Consider in the light of these equations the special case of a uni-univalent 
salt not shifting the isoelectric point (9). Since the charge of proteins 
seems to depend mainly on the pH in the absence of salts, at any given pH 
a certain number of hydrogen ions over a time average are bound to the 
protein molecule. Assume then that v depends only on («) if the pH is 
fixed, tjs, and consequently v, which is proportional to will depend only 
upon K if all other terms are considered constant, giving 

a “ •"Const. (7) 

By assuming that c remains constant we do not by any means imply that 
no change in a- occurs incidental to changes in k. It is merely postulated 
that the change in v with cr, due to the variation of k, is very ranall compared 
with the change in v due to explicit variation of k. Addition of salt under 
these conditions, then, should cause only a diminution in o without a maxi¬ 
mum in the curve. We have used our empirical form of equation 6 
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or 


Q 1 

Dr (2.4 + Kr) 


( 8 ) 


^ DrfiKr) 


(8a) 


to plot the theoretical form of the v-c curves in figure 9, by evaluating 
f(Kr) for r = 4 X 10~’ cm. and various values of v for gelatin. Note the 
following points of interest in these curves. 



Fia. 9. Theoretical v-c Curves for Gelatin at Different Values of pH 
The two short vertical dotted lines at the lower left corner show the limits of 
extrapolation when the pH is sufficiently low to have appreciable amounts of acid 
present. 



Fig. 10. Data op Lobb for Particles op Denatured Egg Albumin in 0.0002 M 

Sodium Hydroxide 

The smooth curve is calculated by means of the theory here proposed 

The curves should in reality not cut the ordinate at c = 0, for, in order 
to fix Q, a certain amount of acid must be present even though the concen¬ 
tration of protein and of salt is vanishingly small. In other words, v 
is always measured in the presence of a finite value of a, which is given 
for strong acids by the concentration, and not by the mean activity, of the 
acid. The dotted lines indicate, for example, the limiting position of the 
ordinate for c = 0.0025 M and c = 0.01 M, 
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In more concentrated salt solutions the validity of equation 6 decreases; 
however, the curves indicate that v should be, as in the case of ions, still 
appreciable even in 4 M salt solutions. Technical difficulties at present 
prevent measurements of v in salts of this concentration, but values of 
the proper magnitude have been observed by Hitchcock in M/25 acetate 
buffers for gelatin and by the author for serum proteins in M/7 salt 
solutions. It would be most desirable to devise methods to discover if the 
available form of the theoiy is confirmed, in the prediction » > 0, by 
observations in concentrated salt solutions. 

In figure 10 are values of v for denatured egg albumin particles in M/5000 
sodium hydroxide. At this pH, in the absence of salt, v is rather high, 
2.8m per second. The smooth curve is the theoretical curve calculated by 
means of equation 8, taking r = 2.2 X 10"’ cm. and making the usual 
assumptions in regard to i> and D. 




Fig. 11. The Effect of the CIoncentrationt of Acetate Buffers on the. 

Magnitude or the Electric Mobility 

By correcting for the shift in the isoelectric point the effect of diluting the buffer 
is predicted. 

Fig. 12. The Electrophoresis of Gelatin-coated Quartz Particles 

The decrease in electrophoretic mobility is approximately predicted by the 
theory here proposed. 

It is noteworthy that the courses of the theoretical and experimental 
curves are almost identical. Figure 11 gives the results of similar experi¬ 
ments and calculations for egg albumin in acetate buffers, a correction 
having been made for the shift in the isoelectric point with variation in c. 
Comparable results were obtained for egg albumin in hydrochloric acid 
and for gelatin in acetate buffers (figure 12). To summarize: by assuming 
that the electric charge of proteins is primarily determined by the hy¬ 
drogen-ion activity of the medium and by making corrections when 
necessary for shift of the isoelectric point, it is possible to derive a simple 
relationship between v and the concentration of uni-univalent electroljrtes. 
This relationship, namely, that v depends upon x in a way which indicates 
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that the decrease in the electric mobility of a protein ion with increasing 
concentration of a simple salt can well be understood by a diminution in 
the potential rather than in the charge, permits treatment of an electric 
mobility of an ion whose charge is given by a time average similar to an 
ion the charge of which is fixed. 

Mueller (15) has treated the data of Freimdlich and Zeh in a somewhat 
similar fashion. He showed that with the assumption of constant charge 
and constant average particle radius, the decrease in v found for an ar¬ 
senic trisulfide sol could be ac(*ounted for simply by a decrease in the thick¬ 
ness of tlie double layer. 


SUMMARY 

During the course of an investigation of the chemical constitution of the 
surfaces of living cells, the f-potential and net charge density of surfaces in 
non-living models have been investigated. Two types of surfaces have 
been selected to carryout this analysis: (1) ^^inert^^ surfaces, the charge 
of which see^nis to be primarily dependent on forces of adsorption; (2) 
protein surfaces (amorj)hous), the charg(^ of which is more intimately con¬ 
nected with ionization in a fashion similar to that observed for dissolved 
proteins. 

(1) Calculations of the density of surface charge of graphite, quartz, 
collodion, cellulose, and paraffin oil in solutions of ions not reversing the 
sign of surface charge rev(*al a remarkable uniformity of behavior. In all 
cases, the complex form of the f-c curve is replaced by a simple type of 
curve resembling typical adsorjition, with an initial steep slope and satura¬ 
tion at about 0.01 M^, 

(2) Assuming that the net charge of the protein surface primarily de¬ 
pends upon the pH, it is found that the course of the f-c curve is predicted 
by the simple theory that in dilute solutions the f-potential and conse¬ 
quently the electric mobility depends upon the thickness of the electric 
double layer under ideal conditions. 
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It was recently pointed out (16) that the errors inherent in the usual 
Beckmann method of determining binary freezing point diagrams may be 
very considerable, causing a shift in the eutectic temperature and composi¬ 
tion and in some cases causing false indications of compound formation. 
For the present investigation a number of systems w’hich arc reported in the 
literature as showing compound formation w'ere reconstructed, using more 
recent and more reliable freezing point methods, with the added purpose 
of making a study of the degree of deviation from the ideal freezing point 
laws. The heats of fusion of four of the compounds involved were also 
experimentally determined. 

purification of materials 

In each case the compound was finally recrystallized, using a centrifugal 
filtration tube (13), until the sample gave cooling curves indicating suitable 
purity (1). 

Eastman Kodak Co. benzamide w as recrystallized from water four times 
and dried at 110°C. for two and one-half hours. m-Nitrophenol, made 
from m-nitroaniline, was supplied to us by Professor John Donleavy; it 
was fractionally distilled at 4 mm. pressure and then recrystallized from 
benzene. Acenaphthene, supplied to us by Dr. Lorenz P. Hansen, was 
vacuum sublimed, using a plug of glass w’ool to prevent particles from 
being carried into the sublimate mechanically; it was then recrystallized 
from alcohol. Kahlbaum’s /S-naphthylamine after fractional distillation 
at 12 mm. pressure proved to be suitably pure.^ The m-dinitrobenzene 
used was purified as described previously (14). 

* Present address: Trinity College, Hartford, Connecticut. 

* The final sample melted to a water-white liquid which gradually developed a 
pink coloration, probably due to a slight oxidation. A small sample was heated in 
an open tube in a Thelco oven at 120°C. for twenty hours. Although the liquid now 
had such a deep red color that it w’as practically opaque, its freezing point was only 
0.14®C. lower than that of the pure product. Since this treatment was much more 
drastic than would be undergone by any freezing point sample, it was obvious that 
exclusion of air was unnecessary. 
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FEEEZING POINT METHODS AND RESULTS 

The freezing point measurements were made in part by the method and 
apparatus already described (15) and in part by the visual method of 
Johnston and Jones (5). The data obtained for three binary systems are 
given in table 1. 


DISCUSSION OF FREEZING POINT DATA 

A comparison of these results with those in the literature brings out the 
fact that binary freezing point data obtained by means of the Beckmann 
method are likely to be very much in error. The values here reported 
are in some cases as much as 10°C. above those reported by the previous 
authors. That the error is also partly due to the presence of impurities 
in the original samples is shown by the fact that the freezing points reported 
for the supposedly pure substances are often too low. 

The system l)enzamide-m-nitrophenol affords a good example of a 
system in which the errors in the freezing point data caused a simple 
eutectic system to be mistaken for a case showing compound formation (8). 
There is actually only a single eutectic point, having the composition 56.5 
mole per cent of rn-nitrophenol and the freezing point 42.1°C. The 
results of Puschin and Rikovski (12)* for this system show fair agreement 
with ours, but they report their freezing points only to the nearest ().5®C. 
and their eutectic halts to the nearest 1.0°C. Their diagram, which is 
based on melting point as well as freezing point measurements, falls above 
ours on the benzamide side, 0.8®C. higher for the pure substance and about 
1.5°C. higher for the 70 mole per cent mixture. On the other hand, their 
eutectic temperature lies about 1®C. below ours. In order to verify our 
curve a sample containing 70.0 mole per cent of benzamide was agitated in 
a thermostat at 100.5°C., at which temperature it melted completely. 
Another sample containing 48.51 mole per cent of benzamide melted 
completely by the same method when the thermostat was at 57.2°C., but 
not when it was kept at 57.0°C. for fifteen minutes. 

The diagram for the system acenaphthene~m-dinitrobenzene shows the 

* In a previous paper (14) the binary freezing point data for the system naph« 
thalene-w-dinitrobenzene were reported to show that Puschin^s (11) supposed cor¬ 
rection of the diagram of Kremann (6) was entirely incorrect. Although Puschin 
has evidently not seen our paper he has now (12) repeated the determinations on 
that part of the diagram which we called in question and he now agrees that a 1:1 
compound does exist, but he gives 50.6®C. for the freezing point of the compound, 
which is 0.6°C. lower than our value. That there must still be a slight error in his 
results here is shown by the fact that the freezing point of his 1:1 compound is low¬ 
ered by adding naphthalene but is not lowered by adding m-dinitrobenzene, so that 
there is no eutectic on that side of the 50:50 composition, but a *‘transition point.’* 
The questionability of such freezing point behavior has been pointed out by 
Kremann (7). 
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formation of a stable 1:1 compound freezing at 71.9°C. with two eutectics, 
68.7°C. and 66.5®C., at the compositions 36 and 68 mole per cent m-dinitro- 
benzene, respectively. The agreement of previous authors (3,10) with our 
results is rather erratic. Most of their points fall below ours, but a few 

TABLE 1 


Binary freezing point data 


SYSTEM BENZAMII>E-m>NlTRO- 

SYSTEM ACENAPHTHENE~m>DlNITRO- 

SYSTEM /J-NAPHTHYLAMINL- 


PHENOL 


BENZENE 

m-DINlTROBENZBNF. 

Mole per 


Mole per 


Mole per 
cent of 
/3-naph¬ 
thyl- 


cent of 
bonxa* 

Freezing point 

cent of 
aoenaph- 

IVeezin^ point 

Freezing point 
“C. 

mide 


thene 






ammo 


100 0 

127 2 

100 0 

93.3 

100 0 

109 5 

90 6 

120 5 

94 5 

90 5* 

57 4 

70 6 (55 Oc) 

70 7 

101 1 

89.2 

87 5* 

36 5 

58 5 (53 5c) 

58 1 

80 1* 

85 0 

84 !)• 

29 7 

66 4 

56 8 

74 .5 

83 8 

84 3* 

0 0 

90 1 

53 9 

66 7 

81 4 

82 8* 



51 0 

63 7* 

7.8 4 

78 






\(68 7/0 



46 7 

51 7* 

72 4 

76 5* 



44 7 

44 8* 

67 3 

72 6*1 




1 : (68 7/?) 




i 

(64) 

1 68 7 ' 



44 2 

-(42 2/01 

61 6 

69 9* 



43 7 

42 3* 

54 9 1 

1 71 6* 

1 


(43.5) 

42 1 

1 

1 

1 

1 



43.3 

- (42 1/0 

50 0 1 

71 9 



40.6 

48 9* 

34 9 

68 4*(66 7/0 





(32) 

66 5 



40.0 

50 3* 

28 0 

70 2*(66 5c) 

i 


35.5 

58.4 

26 3 

[71.8(66.4,66.3c) 

(71 7*(66 5/i) 

i 


34.0 

60 4* 

17 5 

78 4 



19.4 

81 2 

00 0 

90 1 



00 0 

96 8 

1 





* By visual method. 

t The temperatures in parenthesis are the temperatures of the eutectic halts. 
The letters h and c designate whether heating or cooling curves, respectively, were 
employed to determine the eutectic temperature. The percentages in parentheses 
are the estimated eutectic compositions. 

points on the acenaphthene branch and Giua^s (3) values in the region of 
compound formation show good agreement. The freezing point reported 
by Giua for pure acenaphthene, 94.6°C., must certainly be in error, since 
our value, 93.3®C., was obtained from cooling curves which showed our 
sample to be amply pure. 






764 


EVALD L. SKAtJ 


Only three binary freezing points were determined for the system |8- 
naphthylamine-m-dinitrobenzene. Our results show that the diagram 
reported by Kremann and Grasscr (9) is essentially correct down to about 
65®C., although their sample of |3-naphthylamine had a freezing point 
0.5®C. lower than ours. Our 68.5°C. point, however, is a little more than a 
degree higher than their values, and the eutectic halts which we obtained in 
the heating curves of the samples on the /3-naphthylamine and the m- 
dinitrobenzene sides of the diagram were 55.0®C. and 53.5®C. as against 
their 53.3®C. and 51.8“C., respectively. The fact that there are two 


TABLE 2 

Heat content data for liquid and solid states 


STATE 

NO OF 
OBSERVA¬ 
TIONS 1 

1 

TEMPER¬ 

ATURE 

KANOE 

“C. 

a 

b 

c 

AH AT tf 
CALORIES 
PER MOLE 

m-Nitrophenol 

Solid. 

1 

5 

74 

-795 

34 63 

0.0680 

5100 

Liquid . 

5 

45 

2954 

49 38 

0.0581 



Benzamido 


Solid. 

8 

105 

-652 

27 17 

0.1113 

4900 

Liquid. 

5 

40 

2323 

46 83 

0 0765 



Acenaphthene 


Solid. 

7 

71 

1 -925 

40 16 

0.0852 

4950 

Liquid. 

6 

50 

2898 I 

55 81 

0 0447 


/3-N aphthylamine 

Solid. 

5 

88 

-880 

37.71 

0.1036 

5250 

Liquid. 

4 

50 

3616 

41.67 

0.1290 



eutectics is additional proof that a compound forms, as Kremann and 
Grasser claim. There seems to be no basis for the statement (4) that the 
compound has an incongruent melting point. 

THE HEATS OF FUSION 

Direct calorimetric measurements of the differences between the heat 
contents of the liquid and solid forms of m-nitrophenol, benzamide, ace¬ 
naphthene, and /3-naphthylamine and the solid forms at 22®C. were made 
by the method described by Andrews, Lynn, and Johnston (2). Following 
their usage the heat content of the solid and of the liquid have been ex¬ 
pressed by empirical equations, valid over a short temperature range 
in the neighborhood of the melting point, of the form H = a bt + cfi. 
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In this equation H is expressed in gram-calories per mole at the heat 
content of the solid at 22°C. being taken as zero. The value of H for the 
liquid minus that for the solid is the heat of fusion, Aff. For m-nitrophenol 
it is Ai/ = 3748 + 14.76^ — 0.0100^^; for acenaphthcne it is A// = 3823 
15.65< — 0.0404^*^; for benzainide it is A// = 2975 + 19.66^ — 0.0348^^; 



P"iG. 1. Plot of 1000/7' against 1 4- log N for the Binary Systems AC, BE, DE, 

AND FE 

A « benzamide; B = /tf-uaphthylamine; C = m-nitroplienol; D = acenaphthene; 
E =* m-dinitrobonzene; F *= naphthalene. The full lines =* ideal curves; the broken 
lines = experimental data. In curve A the second component was m-nitrophenol; 
in B, m-dinitrobenzene; in C, benzamide; in D, w-dinitrobcnzcne; in E —, ^-naph- 

thylamine; in E_, naphthalene; in E OGQG, acenaphthene; in F, m-dinitro- 

benzene. 

and for i3-naphthylamine it is A£f = 4496 + 3.96f 0.0254^^. The values 

of Aff calculated at the freezing point, </, are given in table 2. 

DISCUSSION 

The above data and those for the system naphthalene-m-dinitrobenzene 
(14) have been plotted in figure 1 to show how far the freezing point curves 
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deviate from ideal behavior. The heavy straight lines represent the 
changes in lOOO/T with 1 + log iV in case the ideal freezing point relation¬ 
ship 

d In iST _ ah 

dr “ RT^ 

holds. Ill this equation, T is the freezing point in degrees Absolute of a 
sample of the composition AT, expressed in terms of the mole fraction of the 
pure component crystallizing out at that temperature. AH, the heat of 
fusion of that component, is assumed to be constant^ and equal to the 
calorimetrically determined values as given in table 2 and previously (2). 
The broken lines in figure 1 represent the experimental freezing point data 
for the systems in question. In all cases N was calculated without assum¬ 
ing any compound formation. The values for the compound region of the 
diagrams are of course not considered. 

An examination of figure 1 reveals the very interesting but rather para¬ 
doxical fact that for the four binary systems under consideration the great¬ 
est deviation from ideality occurs in the case of that one for which the 
diagram shows no compound formation, viz., the system m-nitrophenol- 
benzamide. On the other hand, practical ideality is displayed by the 
system accnaphthene--?n-dinitrobenzene, in which it is definitely known 
from the freezing point diagram that a stable 1:1 compound forms. The 
cause of these anomalies cannot be given definitely, but the m-nitrophenol- 
benzamide case could be explained by assuming that a compound does 
form but that solubility relations are such that it does not crystallize out.® 
In both of the other systems the deviation is such as would be normally 
expected in the case of compound formation. In all four binary systems 
the extent of deviation can be seen to be roughly the same for the two 
branches of the diagram. 
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INTRODUCTION 

In a series of papers by Recoura (7), another series by Scharizer (8), and 
in papers by Niggli and Faesy (5), Grimm and Ramdohr (3), Wcinland and 
Ensgraber (10), and by others, there are described many compounds 
containing varying proportions of ferric oxide, sulfur trioxide, and water. 
That all are stable solids under the conditions described is more than 
doubtful, but any of them may have been actually realized. Metastable 
equilibria are common and persistent in the system, Fe 203 -S 03 “H 20 , where 
diffusion is slow, liquids viscous, crystallizing forces weak, supersaturations 
common, and colloidal dispersion frequent. 

Cameron and Robinson (2), Wirth and Bakke (11), and Appleby and 
Wilkes (1) found that at 25®C. the solubility of ferric oxide in aqueous 
solutions increased steadily with increasing concentration of sulfuric acid 
to a well-defined maximum. As to the concentrations at this maximum, 
they disagree among themselves, with earlier determinations by Scharizer, 
and with those to be given presently. All observers found the solid phases 
in contact with the liquid solutions containing less than 26.4 per cent 
sulfur trioxide varied continuously in content of ferric oxide and sulfur 
trioxide. Cameron and Robinson and Appleby and Wilkes regarded the 
solids as members of a series of solid solutions, while Wirth and Bakke 
thought they formed two series with an ill-defined transition point. They 
avoided defining them as solid solutions. Similar results were obtained at 
18°C. by Appleby and Wilkes. Posniak and Merwin (6), who worked on 
the system at higher temperatures but not at 25®C., objected to the conclu¬ 
sion that these solids form a series of solid solutions, and regarded them as 
adsorption complexes. 

With increasing concentration of sulfuric acid beyond that at which the 
ferric oxide is most soluble, the solubility of the ferric oxide decreases, at 
first very rapidly, then more and more slowly. At very high concentra¬ 
tions of sulfuric acid, there is no detectable iron in the liquid phase and 
apparently no water in the solid. There are several transition points with 
change in the composition of the solid in contact with the liquid solutions. 
So much is agreed upon by all observers. There is, however, very wide 
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divergence among these observers regarding position of the solubility 
curves and transition points and the composition of the corresponding solid 
phases. 


EXPERIMENTAL WORK 

Preparation of residues 

It is quite impracticable to make complete separations of solids from 
their corresponding mother liquors in this system; hence the necessity of 
using indirect methods to determine the composition of the solids. The 
"telltale” method of van Bijlert (9) was discarded, since a suitable telltale 
was not found. The method of “residues” was employed by Wirth and 
Bakke, plotting their results on the right-angled isosceles triangle and by 
Appleby and Wilkes, plotting on the 60°-angled isosceles triangle (the 
conventional equilateral triangle). Owing to the character of the tie line 
fans or fasceaus in this system, the right-angled isosceles triangle is prefer¬ 
able in the interest of clarity; also, statement of the results in grams rather 
than in reacting weights. Undoubtedly, a principal factor making for 
confusion in the work of previous investigators was their inability to sepa¬ 
rate the mother liquors from the residues with any approach to complete¬ 
ness, with consequent uncertainties in the directions of the tie lines. In 
this investigation the solutions were filtered through multiple paper mats 
under several hundred pounds pressure. The residues thus obtained were 
dry to the touch and friable, though yet containing appreciable amounts of 
adhering mother liquor. 

Results obtained in a study of six series of solutions 

Series 0. Six series of solutions were studied (see data in table 1). In 
series 0, the bottles containing the suspensions were heated in a water bath 
until the contents were completely liquefied. On cooling, they were 
continuously agitated in a large constant temperature bath. From time 
to time during a period of about nine months, they were removed from the 
bath to transfer some of the solid from one bottle to another for a thorough 
re-seeding of each. Finally they remained in the bath four to five months 
before the contents were analyzed. 

The plot shows the liquid solution data falling on or very close to a 
straight line, and the tie lines between these and the corresponding residue 
data form a spreading fan, indicating a scries of solid solutions with ferric 
oxide (probably hydrated) as one limiting member, and, as the other 
limiting member, a compound approaching in composition the definite 
solid (Fe*08-2.5S08-7H*0) appearing at a concentration of sulfuric acid 
higher than that at which the ferric oxide is most soluble. 

Series A . The solid employed in preparing series A was made by oxidiz¬ 
ing with nitric acid a solution of ferrous sulfate and ferric chloride in equally 



FERRIC OXIDE AND AQUEOUS SULFURIC ACID AT 25®C. 


771 


TABLE 1 

Composition of solutions^ corresponding residues^ and solid phases in the system 

Fe 203 —S 03 ~H 20 at 26^C. 


80LUTI0NB 

RESIDUES 

SOLID PHASES 

SOa 

FeaOi 

&Oj 

Fe*0, 

per cent 

per cent 

per cent 

per cent 


9 59 

7.64 

16 70 

47.20 

Solid solution 

23 38 

18 76 

29 04 

49 36 

Solid solution 

25.45 

20 04 

31 56 

43 27 

Solid solution 

25 62 

20.19 

31.61 

45 31 

Solid solution 

26 37 

20 45 

35 53 

30 37 

Solid solution 

27 01 

18 32 

36 31 

28 55 

Fe203-2.5S0r7H20 

12.55 

9 86 

11 59 

71.73 

Solid solution 

18 51 

13.87 

10 46 

82 54 

Solid solution 

23 96 

17 19 

7 77 

79 89 

Solid solution 

28 95 

17 95 

4 .54 

83 80 

Solid solution 

12 98 

10 19 

15 55 

51 94 

Solid solution 

19 21 

15.52 

25 82 

40 98 

Solid solution 

25 22 

19 08 

26 15 

41 27 

Solid solution 

3 55 

2.45 

7.23 

65 25 

Solid solution 

6 83 

4 86 

7 81 

63 37 

Solid solution 

13.79 

9 91 

29 85 

55 56 

Solid solution 

8 02 

4 76 

2 67 

81 60 


18 17 

12 33 

5 66 

77 57 


24 67 

16 67 

5 02 

67 59 


30 07 

18 98 

12 49 

77 88 


26 4 

20 5 



Solid solution and 





FejOr2 5S(),-7HjO 

26 71 

19 06 



FesO,-2 5S0r7H,0 

26.60 

18.76 

36 35 

27 95 

FcsOr2.5SO,-7HsO 

26 85 

18.21 



FejOj-2 5SO,-7IlaO 

27.11 

17 70 

36 92 

27 61 

Fes0r2.5S0,-7H,0 

27.45 

17 31 



FejOr2.5SOr7HjO 

27.45 

17.16 



Fe20r2.5S03-7H20 

28 00 

16 70 1 

36 93 

28 01 

Fe203-2,5S0j-7H,0 

28.20 

16 4 



Fes 05 - 2 . 5 S 0 ,- 7 Hs 0 and 





Fe20,-3S03-9Hj0 

28.88 

15.94 

37 74 

28 67 

Fe 20 ,- 2 . 5 S 03 - 7 H ,0 

28.95 

15.40 

37 01 

27 52 

Fe,03-2.5S()3-7H20 

29.15 

15.10 

38.15 

27.55 

Fe,0, 2 5SO,-71120 

28.28 

14.49 

39.26 

25 06 

FoaOj-SSOs-gHjO 

28.30 

13.92 

38.39 

23 90 

Fei0,-3S0,-9H20 

28.88 

12.18 

38.84 

23.85 

F’e20,-3S0,-9H20 

28.80 

11.90 

38.56 

23.88 

Fe20,-3S03-9H20 
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TABLEi 1 —Concluded 


tBBins 

BOLCTION8 

BBSXDtJBS 

SOLID PHASES 

so* 

Fe*Oi 

SOa 

Fe*Oi 


per cent 

per cent 

per cent 

per cent 



' 28.92 

11.06 

38.78 

23.53 

Fe,0,-3S0,-9Hj0 


29 00 

10.87 

39.66 

24.63 

Fei 0 ,- 3 S 03 - 9 Hj 0 


29.64 

9 31 

39.64 

24.31 

Fej0j-3S03-9Hi0 


32.1 

7.2 



Fe 20 s* 3 S 08 ‘91120 and 






Fe203‘4S0,‘9H20 


32.06 

6.96 

47.03 

22.40 

Fe20»‘4S0r9H20 


32.10 

6 82 1 

48.38 1 

23.39 

Fe,03‘4S03*9H20 


32 68 

4 70 

44.09 1 

23.26 

Fe20a‘4S03‘9H20 




44.25 

23.58 

Fe203-4S08‘9H20 


34.34 

2 03 

46.76 

20.35 

Fe203*4S03-9H2() 


38,72 

0.26 

47.35 

19 13 

Fe203‘4S0,-9H20 


46 28 

0 06 

48 14 

14.40 

Fe208'4S03‘9H20 

E • 

51.40 

0.03 



Fe203‘4S08‘9H20 


56 79 

0 03 



Fe203‘4S()3‘9H20 


SO.S 

14.7 (Metastable) 



Fe208‘2.5S0,‘7H20 and 






FeaOa-SSOa-SHaO 


30.96 

10 34 

41.50 

25.62 

FejOs-SSOa-SHaO 


31.20 

9.55 

41.75 

25 78 

FeaOa'SSOa-SHaO 


31.47 

8 95 

42 62 

26 43 

Fc203-3S0,‘8H20 


31.54 

8.94 

42.26 

26 32 

FejOa-SSOs'SHjO 


31.8 

8.4 (Metastable) 



FeaOs *3803 ‘81120 and 






Fe208‘4S03‘9H20 


31.88 

8 11 

47 79 

23.99 

Fe20,‘4S03‘9H,0 


31.83 

7.97 

45.76 

24.22 

Fe20,‘4S03‘9H20 


31.86 

7.76 

46.46 

22 33 

Fea03‘4S03‘9H20 


molar quantities, drying, and washing the residue to remove chlorine and 
nitric acid. It was a grayish tan colored product, containing 30.60 per 
cent sulfur trioxide and 58.45 per cent ferric oxide. The suspensions were 
agitated at constant temperature for four months, the liquids analyzed, 
and agitation resumed for three months, and the liquids again analyzed. 
No significant change in the composition of the liquid phases having taken 
place, the corresponding residues were prepared and analyzed. The data 
for the two liquid solutions of lowest concentration fall on the right line 
plotted from series 0. The data for the solution of next higher concentra¬ 
tion fall somewhat below the line, and the data for the solution of highest 
concentration fall in another field. The tie lines all slant towards the 
axis of ferric oxide composition. It appears that this series had not come 
to final equilibrium. For the sake of clarity the data are not shown in the 
accompanying chart. 

Series B. The solid used in preparing series B was made by bringing 
into solution with hydrochloric acid a mixture of ferric oxide and ferric 
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sulfate in the proportion of 2 moles to 1, slowly evaporating to dryness, and 
washing the residue until free from chlorides. It was light yellowish tan in 
color and contained 26.89 per cent sulfur trioxide and 54.95 per cent ferric 
oxide. The solutions were analyzed after four months and again after 
seven months agitation at constant temperature. No significant changes 
having taken place, the residues were prepared and analyzed. The data 
for the liquids fall on the right line found from series 0 and the correspond¬ 
ing tie lines form a spreading fan. 

Series C. The solid used in preparing this series was obtained by extract¬ 
ing some of the solid prepared for series B with dilute ammonia water and 
washing the residue free of ammonia. It w^as dark red in color and con¬ 
tained about 1 per cent sulfur trioxide and 94.2 per cent ferric oxide. The 
series w^as agitated for seven months at constant temperature, and the 
liquids analyzed at the end of four months and seven months. No signifi¬ 
cant changes having taken place meanwhile, the residues were prepared and 
analyzed. The results harmonized with those obtained from series 0 
and B. 

Series D. In preparing this series, a standard brand of analyzed ferric 
oxide was employed. It was blood-red in color. The series w^as agitated 
for seven months. The data for the liquids give points somewhat below 
the right line plotted from the results obtained from series 0, B, and C, the 
discrepancy being the greater the greater the concentration. The tie lines 
for solution and residues are important. They all slope towards the axis of 
ferric oxide, and show the solid phase w^as essentially ferric oxide in each 
case, slowly absorbing sulfur trioxide and water. They do not converge to 
a point nor give any evidence of the formation of a definite compound. 

Series E} For this series several solids were prepared, hydrated ferric 
oxides and basic ferric sulfates. They were prepared from aqueous solu¬ 
tions, and great care taken to remove contaminations and to avoid over¬ 
heating. The suspensions were agitated continuously at 25°C. for seven¬ 
teen months, then allowed to settle for two months, analyses of liquids and 
residues being made during the latter period. A plot of the data for liquids 
and corresponding residues shows four solubility curves were realized: one, 
corresponding to stable conditions only; one, to metastable conditions 
only; and the other two partly to stable and partly to metastablc condi¬ 
tions. Transition points were found with approximate accuracy by 
interpolation. Attempts to realize them experimentally are impracticable. 

The fasceau or bundle of tie lines in three cases is too narrow to permit a 
definite convergence, so the composition of the solid phase in equilibrium 

* The analytical data for series E are taken from a dissertation submitted by 
E. W. Constable in May, 1934, in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy. The authors of this paper arc responsible for the inter¬ 
pretation of the data. 
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with the several solubility curves was determined in another way. Since, 
in any group of points representing residues, the individual points lie close 
together, it may be assumed that the ratio of ferric oxide to sulfur trioxide 
in them approximates that in the corresponding solid. Actually, the 
residues all contained a slight excess of acid, due to adhering mother 
liquor. A straight line through the origin and at the angle whose tangent 
corresponds to this ratio, must pass through the point corresponding to the 
composition of the solid phase. This point must lie within the limits of the 
fasceau and must also correspond to a rational formula. The procedure 
proved to be easy and satisfactory in application. 



Fig. 1. SoLUBiuTY Curves, Residues, Tie Lines, and Solid Phases in the System 
Ferbic Oxide-Aqueous Sulfuric Acid at 25°C. 


A, FejO,-2.580, ^HjO. B, FeiO,-3SO,-9HjO. C, Fe,0,-3S0,-8H,0. D, 
Fe, 03 - 4 S 0 ,- 9 Hj 0 . 

Specific gravity and viscosity of solutions 

To investigate further the po.ssible existence of a transition point in the 
solubility curve corresponding to the series of solid solutions, specific 
gravity determinations of the liquid phases were made with a Westphal 
balance. The results are assembled in table 2. When plotted against 
content of sulfur trioxide or ferric oxide, the points corresponding to the 
solutions presumed to have reached equilibrium fall on a smooth curve 
passing through the origin. A curve passing through the most possible of 
all points does not indicate any intermediate transition point. 
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For the same purpose viscosities were estimated by timing the rate of 
flow of the solutions through a capillary and comparing with the rate of 
flow of water through the same capillary. These results are also assem¬ 
bled in table 2. Wlien plotted they fall on a smooth curve, nor is there 
any indication of an intermediate transition point. There is some uncer¬ 
tainty attaching to the higher viscosities, a solution from which the dis¬ 
persed solid has long settled showing a slightly higher viscosity than one 
which has recently been vigorously agitated with the suspension. 

Colloidal dispermom 

Abnormally high viscosities, with other observations, suggested that 
ferric oxide, or substances corresponding to basic sulfate formulas, might 
be dispersed as sols. Therefore solutions in contact with their respective 
solid i)hases were set aside in a quiet place in the laboratory for a year. 
Probably the temperature variation was within the limits 25° to 30°C. 


TABLE 2 

Comparison of specific gravity and coefficient of viscosity with sulfur trioxide and ferric 
oxide content of aqueous solutions of ferric hydrates at 25^C. 


PER CENT OP 

BPKriFiC 
()KA> ITY 

VI8C08ITV 

COEFFICIENT 

PER CENT OF 

SPECIFIC 

UHA^^TY 

VISCOSITY 

COEFFICIENT 

so, 

FesOi 

SO, 

FejC), 

cc 

1 

2 45 

1 052 

0.0095 

18 51 

13 87 

1 364 

0 0206 

6 83 

4 86 

1 104 

0.0101 

19 21 

15 52 

1 397 

0 0241 

8 02 

4 76 

1 118 

0 0101 

23 96 

17 19 

1 500 

0 0501 

12 55 

9 86 

1.229 

0 0127 

24 67 

16 67 

1 471 

0 0406 

12 98 

10.19 

1 242 

0 0J29 

25.22 

19 08 

1.550 

0 0756 

13 79 

9 91 

1 243 

0 0136 

28 95 

17 95 

1 590 

0 0930 

18 17 

12 33 

1 1 328 

0 0187 






In no case was the solution completely empty, optically, although the 
transmitted light beam showed but little solid to be present. Micro¬ 
scopic examination of these solutions with a dark field illumination showed, 
in each case, particles exhibiting Brownian movements. In some cases 
these particles appeared to have definite forms, but were too small to admit 
of precise description, and their total mass in any case must have been 
negligible in comparison with the dissolved constituents. No doubt the 
presence of colloidal dispersions may account, in part at least, for the 
difficulties and discrepancies noted by investigators of this system, but its 
importance has been exaggerated. 

X-ray spectrographs of the solids 

Diffraction x-ray spectrograms were made of the residues corresponding 
to the series of solid solutions; also, for comparison, of ferric oxide and of the 
normal sulfate, FegOa-SSOa, made by the directions of Recoura. Record- 
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ing the many readings of the lattice spaces would require a table beyond 
reasonable dimensions. The photographs seem to fall, more or less clearly, 
under one or the other of two types, which may be designated as alpha and 
beta. The alpha type approaches the spectrogram for ferric oxide, while 
the beta type approaches that for the normal sulfate. The distinction is 
none too sharp, for certain lines appear in both the ferric oxide and the 
normal sulfate spectrograms, and some lines from both are to be found in 
the individual spectrograms of most of the residues. Two of these, because 
of the small number of lines which can be definitely measured, are in doubt. 
Practically every line they show which can be definitely measured is found 
in the spectrogram of ferric oxide, also in that of the normal sulfate. In 
table 3, the first column records the series to which the residue belongs; 
the second the mole ratio of sulfur trioxide to ferric oxide in the residue as 
shown by analysis; the third column the t 3 q)e of spectrogram given by the^ 
residue; and the fourth column the slant of the tie line, whether to the left 
towards the ferric oxide axis, or contrariwise. Clearly, the two sets of obser¬ 
vations are in reasonable agreement. Further study of the observations 
may reveal more definite results, but for the present it may be said that the 
x-ray spectrograms support the view that the residues are mixtures. Since 
we may have but one solid phase in the residue, under equilibrium condi¬ 
tions, each of these mixtures would seem to be a member of a series of solid 
solutions. It is reasonable to think one limiting member of the scries is 
ferrip oxide or a hydrate of it. The composition of the other limiting 
member of the series lies between Fe 203 * 1 . 25 S 03 nH 20 and Fe 203 - 
2 . 5803 - 71120 ; and probably near the latter. 

DISCUSSION 

The solubility of ferric oxide at 25®C. was found to be directly propor¬ 
tional to the concentration with respect to sulfuric acid, in solutions con¬ 
taining less than 26.4 per cent sulfur trioxide. The results of previous 
investigators are in fair agreement. The rate at which equilibrium was 
reached between the solutions and the corresponding solids was slow, the 
more so in the more viscous and highly concentrated solutions. The rate 
of solution was found to be dependent on the composition, the physical 
character, and previous treatment of the solid brought into contact with 
the liquid. 

The conclusion of Wirth and Bakke that there is a transition point 
corresponding to the liquid containing 22.1 per cent sulfur trioxide and 
19.7 per cent ferric oxide was disproved. The stable solids in equilibrium 
with the liquids were found to form one single series of solid solutions, one 
limiting member being ferric oxide probably somewhat hydrated and the 
other probably approaching in composition the basic salt Fe 203 - 2.6803 • 
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7 H 2 O, which is the stable solid when the liquid reaches a concentration be¬ 
yond 26.4 per cent sulfur trioxide. The residues in contact with two of the 
liquids in series B approximated the composition of a basic salt Fe 203 -1.25 
SO3 • nH 20 , and the chart shows the limiting solid is yet more acid in compo¬ 
sition. Posniak and Mcrwin argue these solids to be adsorption com¬ 
plexes because they follow Freundlich's law. They do, and should if they 
be solid solutions. They do not appear to be crystalline, but all solid 
solutions are not mixed crystals. It would be necessary to assume unbe¬ 
lievably thick films if they be adsorption complexes. The character of the 
tic lines would seem to prove that the solids are solutions, a view supported 
by consideration of the x-ray spectra. 

Increasing the concentration of sulfur trioxide beyond 26.4 per cent, the 
new solid phase appearing was found to be the basic salt, Fe 203 * 2.6803 • 
7 H 2 O. Wirth and Bakkc reported it as a-copiapite, Fc 4 S 502 i * I 8 H 2 O, the 


TABLE 3 

Comparison of data from tie lines and spectrograms of residues for the system 
FeaO^-SOi-HaO at S5%\ 


8 ER 1 EB 

coMPoai* 

TION 

. 

TYPE 

SLANT 

SEltlES 

COMPOSI¬ 

TION 

TYPE 

SLANT 

A. 

0 108 

Alpha 

Left 

D 

0 320 

Alpha 

Left 

D. 

0 146 

Alpha 

Left 

A . 

0 330 

.Alpha 

Left 

D. 

0 149 

.Alpha 

Left 

B . 

0 580 

Beta 

Right 

A. 

0 194 ! 

Alpha 1 

Left 

C . 

1 08 

Beta 

Right 

C 

0 227 1 

•; 

Right 

B . . 

1 26 

Beta 

Right 

c .. . 

0 247 ! 

? 

Right 

B .... 

1 27 

Beta 

Right 

A. 

0 250 

Alpha 

Left 











laboratory-made product having been studied by Scharizer and the natu¬ 
rally occurring product by Linck, Gcroth, and McCaughey (4). They also 
reported a i^-copiapite FesCOH) ( 803)4 *131120 as stable solid for a part of 
the solubility curve, although there is no inflection in the curve when the 
beta variety replaces the alpha salt. They were probably misled by anal¬ 
yses of their very wet residues. Appleby and Wilkes reported the stable 
solid over this range of concentration to be a basic salt 5 (Fe 03 * 3803 )* 
2 Fe 203 . Very wet residues and misplaced confidence in the use of the 
equilateral triangle misled them. 

Over the next range of concentration of sulfuric acid the solid phase in 
contact with stable liquids was found to be the normal salt Fc203*3808* 
9 H 2 O. This salt, known as coquimbite in natural occurrences, was reported 
by Wirth and Bakke, but Appleby and Wilkes reported the stable solid 
over this range of liquid concentrations to be the heptahydrate, Fe 203 * 
38O3.7H2O. 
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Over a yet higher range of concentration of sulfuric acid, the stable solid 
was found to be the acid salt FeaOs *4808 *91120, which was reported by 
Wirth and Bakke and by Appleby and Wilkes. The former reported it to 
be replaced by the trihydrate in contact with solutions containing upwards 
of 34 per cent sulfur trioxide, which the present investigation contradicts. 

Wirth and Bakke found the solubility curves corresponding to the 
basic salt and the acid salt to extend into metastable regions. The present 
investigation goes further. A complete metastable solubility curve was 
found, one transition point quite definitely, the other with fair precision, 
and the solid phase in equilibrium with the solution represented by the 
curve was shown to be the normal salt, Fe 203 - 3 S 03 - 81120 . 

It is futile to compare the data reported by previous investigators for 
the solutions in contact with the above cited solids, the several sets of 
observations disagreeing widely. 

Finally, attention is directed to the fact that in no case does the right 
line connecting the origin with a point representing a definite salt intersect 
the solubility curve corresponding to that salt. There are no congruent 
points in the system. This fact explains many of the difficulties reported 
in earlier investigations. 


SUMMARY 

In regard to the system Fe 203 ~S 03 --H 20 at 25®C. the following observa¬ 
tions have been made: 

1 . Ferric oxide, Fe 203 , has a maximum solubility of 20.5 g. in a solution 
containing 26,4 g. of sulfur trioxide. 

2. Solution is slow, depending much upon the composition, physical 
characteristics, and previous history of the solid brought into contact with 
the solution. 

3. Approach to equilibrium is slower the more concentrated, therefore 
the more viscous, the liquid phase. 

4. From zero concentration to 26.4 per cent sulfur trioxide the solubility 
of ferric oxide is directly proportional to the concentration in sulfur trioxide. 
The solids in contact with these solutions form one continuous series of 
solid solutions. 

5. Solubility curves w'ere found in equilibrium with the solids: 
Fe 203 - 2.5803 ^HaO, Fe 203 * 3 S 03 - 8 H 20 , Fe 208 * 3 S 03 * 9 H 20 , and FaOs- 
4SOs *91120. The system of solutions in equilibrium with solid FeaOs- 
SSOa-SHaO was found to be metastable. Transition points were deter¬ 
mined by interpolation. 

6 . There are no congruent points in the system. 
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The following report summarizes a determination of the potassium . 
chloride-silver ratio by the new and now fully developed standard solution 
method (2). 


purification of reagents 

The general criterion of acceptable purity for any reagent used in this 
work was that it should introduce no impurities equivalent to more than 
0.005 mg. of silver into any single analytical system or 1500 g. of standard 
solution. 

Potassium chloride. The potassium materials were obtained from five 
different manufacturers. The salts were purified by rapid crystallization 
from hot or cooling solutions in 500-cc. platinum dishes. In a few of the 
early crystallizations, and whenever free chlorine was present in the solu¬ 
tions, quartz vessels were used. As a general rule (applying also in the 
purifications of silver, lime, sugar, potassium nitrate, sodium nitrite, and 
ammonium chloride) small head and tail fractions were rejected in each 
crystallization or precipitation. The central fraction was always drained 
for about fifteen minutes at 1500 R. p. m. in a centrifuge attachment in 
which the salt was inclosed entirely in platinum. Fusions which were part 
of the potassium chloride purification were made in a 180-cc. platinum cup 
in an electrically heated 200-cc, porcelain beaker. After these fusions the 
salt was dissolved in water and filtered through a platinum Munroe 
crucible. 

Sample 1 (40 g.) was separated from a 500-g. quantity of potassium 
oxalate from a Norwegian source. This material was crystallized six times, 
changed to the chloride by one treatment of the solution with chlorine gas, 
crystallized once, and fused. Sample 2 (42 g.) was obtained from a kilo¬ 
gram of potassium nitrate from a German source. This material was 
recrystallized ten times, then precipitated three times from solution with 
hydrogen chloride gas. After each of the three precipitations the potas¬ 
sium chloride was fused and crystallized once from water. Sample 3 (43 g.) 
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was taken from 500 g. of potassium chlorate from a German source. The 
chlorate was recrystallized ten times and carried cautiously through the 
two stages of decomposition to a state of clear fusion. Rejected liquors 
from subsequent crystallizations {vide infra) contained less than 0.01 mg. 
of chlorate and perchlorate. Sample 4 (67 g.) was separated from 500 g. 
of potassium chloride from a German source. After one crystallization 
from water the material was precipitated twice from solution with hydro¬ 
gen chloride gas. After each precipitation the salt was crystallized once 
from water, fused, and again crystallized from water. It was next crystal¬ 
lized from constant-boiling hydrochloric acid, then from water, and fused. 
Sample 5 (78 g.) was taken from an 1100-g. quantity of 98 per cent muriate 
of potash from Searles Lake, California. This salt was crystallized once 
* from dilute aqua ammonia, twice from water, and once from 1 M hydro¬ 
chloric acid made from recrystallized Searles Lake potassium chloride. 
It was then crystallized eight times from water and fused. 

To complete the above purifications, each of the five potassium chloride 
samples was crystallized three times from water, filtered through a Munroe 
crucible, and then crystallized, centrifuged, and dried with especial care to 
avoid the introduction of platinum scrapings. The centrifuged crystals 
were dried in a platinum dish for three hours at 180®C., and then desiccated 
over broken pieces of fused potassium hydroxide at pressures less than 
0.002 atmosphere for at least three days. 

By weighing all of the platinum before and after use in these final proce¬ 
dures it was found that a maximum of 0.14 mg. of platinum could have 
been present in the five samples (270 g.). 

Silver, Three silver samples were purified independently at different 
times. Sample 1 (526 g.) was prepared from 1500 g. of c. r. silver nitrate. 
After one crystallization from water this material was precipitated from 
saturated solution by slow addition of 15 M nitric acid, using 0.38 cc. of 
acid per gram of silver nitrate. The crystallization and precipitation with 
acid were repeated, and the 925 g. of material remaining was made up to a 
liter with water and neutralized with ammonia. The dissolved salt was 
then reduced to silver by addition of 1.5 liters of solution made by neutral¬ 
izing formic acid with ammonia, using 0.50 cc. of 78 per cent acid per gram 
of silver. The mixture was kept slightly alkaline with ammonia and warmed 
toward the end of the reduction. Sample 2 (465 g.) was prepared from 
750 g. of heterogeneous silver residues, which were reduced to silver with 
zinc and sulfuric acid. The silver was thoroughly washed and dissolved in 
7.5 M nitric acid, using 1.85 cc. of acid per gram of silver. It was next 
precipitated as silver chloride. This compound was reduced to silver with 
a warm concentrated solution containing 1.80 g. of sucrose and 0.50 g. of 
sodium hydroxide per gram of silver. The silver was thoroughly washed, 
dried, and fused on lime in a current of methane. The solution in nitric 
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acid, precipitation as chloride, reduction to silver, and fusion were then 
repeated. The etched silver bars were dissolved in nitric acid and reduced 
to silver with ammonium formate solution containing an excess of 0.5 cc. 
of 5 M aqua ammonia per gram of silver. Sample 3 (528 g.) was prepared 
from a kilogram of c. p. silver nitrate. The material was precipitated as 
silver chloride and recrystallizcd once from freshly prepared 5 M aqua 
ammonia. The crystals were digested in 6 iV hydrochloric acid and aqua 
regia, washed, and reduced to silver with sucrose and sodium hydroxide. 
The 565 g. of silver remaining was washed, fused, etched, dissolved in 
nitric acid, and made up to 8 liters in a solution containing 100 g. of excess 
ammonia. The compound was reduced to silver by addition of a solution 
made by collecting 300 g. of sulfur dioxide in 1.5 liters of solution containing 
160 g. of ammonia. The mixture was warmed to complete the reduction. 

Occasional filtrations were an essential part of the above purification 
schemes. All preciiiitations were made from dilute solutions. Precipi¬ 
tated silver and sih^er chloride were washed twenty to thirty times with 
1-liter portions of water. 

To complete the above purifications each of the three silver samples, 
supported on lime in a current of hydrogen, was fused in a quartz muffle 
into 50-g. to 100-g. bars. The bars were deeply etched, then transported 
at 0.02 to 1.0 amperes across a cell made entirely of quartz. The electro¬ 
lytic crystals were thoroughly washed, dried in quartz, and fused into 
0.1-g. to 10-g. buttons, supported on lime in a 5-ampere current of electro¬ 
lytic hydrogen, in a clean quartz muffle (3). 

The formation of silver with the nece.ssary smooth unbroken surface 
was fa^’ored by the following conditions. The current was first passed at 
8.5 amper(‘s, then held at 9.2 amperes until the silver had melted. After 
five to fifteen minutes, during which the furnace was rocked occasionally, 
the current was lowered to 7.0 amperes until tluj silver had solidified. The 
silver was cooked completely before removing it from the hydrogen atmos¬ 
phere. The buttons were deeply etched, washed, dried in quartz, and 
finally heated for two hours in a quartz tube at 400° to 500°C. in a 2 X 10~* 
atmosphere A^acuum. They were kept in desiccators over fused potassium 
hydroxide until ready for use. 

Potassium nitrate. Two samples of potassium nitrate were each crystal¬ 
lized ten times from water. When portions of these samples were sub¬ 
jected to nephelometric tests capable of revealing unmistakably one part 
in a million of silver or its chloride equivalent, they showed no trace of these 
impurities. Approximately 9.4-g. portionvS of the material, fused in plati¬ 
num and weighed to the nearest 0.1 mg., served as the starting point in the 
synthesis of the standard solutions. 

Lime, Three samples of lime were prepared from c. p. calcium nitrate 
by variations of a procedure including several crystallizations of the 
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nitrate, electrolysis to remove traces of iron or heavy metals, and two 
precipitations from solution with freshly prepared ammonium carbonate 
solution, followed by ignition in a quartz muffle. 

Water. The water used in the purification and analysis of samples 2 
and 4 of the potassium chloride was obtained by distilling the ordinary 
distilled water of the laboratory without addition of reagents until the main 
fraction had a specific conductance of about 0.20 X 10~‘ ohm"* cm."* 
when treated with pure nitrogen at 25®C. For all other work water from 
the same source was redistilled in succession from dilute alkaline perman¬ 
ganate solution and very dilute sulfuric acid. 

Other reagents. Phosphorus pentoxide was resublimed in a current of 
purified oxygen in an all-glass apparatus. Aqua ammonia, formic acid, 
nitric acid, and hydrochloric acid were purified by one to three distillations 
of the c. p. concentrated or suitably diluted reagents in quartz apparatus. 
Sugar, sodium nitrite, and ammonium chloride were crystallized once from 
water. Solutions of sodium hydroxide were filtered through a Munroe 
crucible and electrolyzed in a platinum dish until free from iron and heavy 
metals. Commercial methane, carbon dioxide, chlorine, sulfur dioxide, 
oxygen, nitrogen, and hydrogen were washed in trains of towers containing 
glass pearls covered with suitable reagents. The hydrogen used in the 
final silver fusions was prepared by electrolysis of 20 per cent sodium 
hydroxide solution and purified by passage in succession through six 30 cm. 
X 2.5 cm. towers of 3-mm. pearls covered with concentrated sulfuric 
acid, a tube containing 50 cm. of No. 27 platinum wire carrying a cur¬ 
rent of 5.2 amperes, an 80 cm. X 2.5 cm. tube containing pieces of fused 
potassium hydroxide, and a 40 cm. X 2.5 cm. tube of glass pearls mixed 
with phosphorus pentoxide. The same train was later used in drsdng 
the purified nitrogen employed in the fusion of the potassium chloride. 
In analyses 3 to 7 inclusive, nitrogen was prepared by dropping a solution 
of sodium nitrite into a hot solution of ammonium chloride; in the other 
analyses the gas from a commercial tank was used. Both gases met the 
necessary requirements for purity and dryness when treated in succession 
with acid permanganate solution, hot copper gauze, potassium hydroxide 
solution, concentrated sulfuric acid, fused potassium hydroxide, and re“ 
sublimed phosphorus pentoxide. 

THE ANALYSES 

Weighings were made at temperatures from 22®C. to 26°C. with relative 
humidities between 8 and 54. To eliminate a certain group of potential 
weighing errors the substitution method was extended to include a recheck 
of the first rest-point. The (true) mass values for the entire set of 
Class M weights were determined three times during the work, once at 
the U. S. Bureau of Standards. The greatest discrepancy in the three 
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calibrations was oiu' of 0.006 mg. in one of tiie platiimin fractionals. 
For each weighing the air density was calculated from temperature, 
pressure, and psychrometric observations. Vacuum corrections were 
applied through the expression: m = s + d(V„, - V,), in which m is 
the mass of the object weighed, s the mass of the corresponding weights, 
with rider and rest-point corrections applied, d the air density, V^n the 
volume of the object, and V« the sum of the volumes of the weights. The 
volumes of the gold-plated brass weights wen; determined by hydro¬ 
static weighings; the other volumes were calculated with the aid of the 
densities: Pt, 21.45;Al,2.70; KCl, 1.989;Ag, 10.49; KNO3, 2.11. Counter¬ 
poises were used in weighing the fused salts in their platinum containers. 
A statistical examination of the rest-point data in relation to the sensitivity 
of the balance showed that the recorded weights arc significant on the 
average to about 0.005 mg. 

For each analysis a 7.1-g, sample of potassium chloride was fused in a 
15-cc. platinum-rhodium boat in another quartz muffle of the same type 
used in the silver fusions, in a current of dry nitrogen. The muffle was 
lined with 0.001 in. sheet platinum. 

The weighed salt, was dissolved out of the boat and made to a volume of 
500 cc. In analyses 7 to 15 th(‘ salt samples were first tested for alkali in a 
volume of 50 cc., by a modification of the method of H()nigschmid (1); the 
0.05 cc. of 0.004 M chloride-free methyl red solution introduced in this 
procedure apparently had no effect in subsequent operations. 

A weighed quantity of silver was next dissolved in a calculated excess of 
7.68 M nitric acid in the 3-liter Pyrex analysis flask and the solution was 
warmed to remove nitrous fumes, except in analysis No. 15.^ The solu¬ 
tion was made up to 500 cc. and the salt solution wfis added drop by drop 
with constant rotation of the analysis flask, in the light of a Scries OA 
Wratten Safelight. In analyses 3, 12, 13, 14, and 15, however, the silver 
chloride was precipitated by simultaneous drop by drop addition of the 
two 500-cc. solutions to 200 cc, of water, with constant rotation. In these 
five experiments the precipitation thus took place at concentrations which 
could scarcely have exceeded 0,0005 M, on the average. 

In each case the analytical system was made up with water to contain 
1520.7 g. of solution per 10.0000 g. of silver (9.3718 g. of potassium nitrate) 
and allowed to stand at room temperature for fifteen to fifty days, with 
occasional vigorous shaking. The acid concentration of the analytical 
solution was adjusted to 0.3025 molar after titration of a portion with 
standard alkali, and the system was brought to equilibrium by at least three 
days cooling at 0®C., with gradual reduction of the shaking to a minimum. 

^ Nitrite, which would seriously affect the potentiometric analyses, is best re¬ 
moved at this stage. In analysis No. 16 it was found that nitrite is removed only 
very slowly by bubbling nitrogen or oxygen through the analytical solution. 
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The supernatant analytical liquid was analyzed both nephelometrically 
and potentiometrically for silver and chloride by comparison of filtered 
samples withdrawn at 0®C. with standard solutions having very nearly 
the same composition (2, 4). In the nephelometric analyses the standard 
and test solutions were at exactly the same temperature, i.e., room tempera¬ 
ture; in the potentiometric analyses both solutions were at 0®C. The 
standards contained measured equivalent amounts of silver and chloride, 
9.3718 g. of potassium nitrate per 1520.7 g. of solution, and were 0.3025 
molar in nitric acid. Seven of these solutions were made up to cover the 
range of silver and chloride concentrations from 0.590 to 0.610 mg. (as 
silver) per liter. To make standard solutions 8 and 9 two 14-g. samples of 
silver chloride from completed analyses were rinsed and brought to equilib¬ 
rium with solutions made up without chloride or silver to the same concen¬ 
tration as the other standards, from two different samples of potassium 
nitrate and nitric acid. 

After preliminary analyses the supernatant analytical licpud w^as ad¬ 
justed more closely to the end-point, the additions of chloride or silver 
being corrected to the original volume in the usual manner. Th(' chlo¬ 
ride and silver concentrations of the solution were finally determiiu*d 
by at least three nephelometric and three potentiometric analyses made 
over a period of at least five days with three different standard solu¬ 
tions. The analytical system was shaken once only after each set of 
withdrawals. 

Measurements of the solubility of silver chloride in the analytical and 
standard solutions permitted an improvement in the manner of dexter- 
mining the chloride concentration from the potentiometric analyses. 
These measurements are summarized in table 1. The data show that the 
chloride concentration may be calculated precisely from the expression: 
[Cl] = 0.3697/[Ag] or the corresponding approximation: [Cl] = 1.216 — 
[Agj. The silver concentration w^as calculated from the e. m. f. of the 
cell Ag I analytical solution | standard solution | Ag by the expression: 
log [Ag] = ±£'/0.0542 + log S, where S is the silver concentration of the 
standard solution. All concentrations are expressed in milligrams of silver 
per liter, and E is in volts. The data obtained from the corresponding cell 
with silver chloride electrodes were used only in analysis 3, but furnished 
valuable confirmatory information in the other analyses. 

Equal-opalescence tests made in the usual manner, in connection with 
the standard solution analyses of various systems in equilibrium at 0°C., 
gave further evidence that there is an essential difference in the stability 
of the sols precipitated with excess silver and excess chloride upon which 
various factors may operate to produce marked differences in color and 
opalescence. Comparison of the equal-opalescence ratios with the accu¬ 
rately determined values of the silver and chloride concentrations showed 
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that any estimate of the KCl:Ag ratio based on the assumption that the 
unit equal-opalescence ratio is characteristic of solutions at the correct 


TABLE 1 

Solubility of siller chloride at 0°C. 


NO. OF 
ANALYSEB 

TYPE OP ANALYSIS 

SOLUTIONS ANALYZED 

QUANTITY MEASURED 

A^ ERAOE 
MO. OK Ag 
PER LITER 

90 

Nephelometric 

15 Analytical 

VlAgl-lCi] 

0 608 

6 

Nephelometric 

Standard No. 8 

[Ag] and [Cl] 

0 608 

6 

Nephelometric 

Standard No. 9 

[Ag] and ICl] 

0 607 

3 

Potentiometric 

Standard No. 8 

[Ag] only 

0 609 

3 

Potentiometric 

Standard No. 9 

[Ag] only 

0 608 


TABLE 2 


Summary of end-point determinations 




1 

NEPHELOMETRIC 

1 POTENTIOMETRIC 



INITIAL 

Ag ADDED 

ANALISES 

' ANALYSES 

AVERAGE 

NO 

VOLUME 

IN flOLN 

1 MG OK Ag PER LITER AS 

i MG Ot .\g PER LITER AS 

EXCE8.S Ag 


IN LITERS 

TOTAI. MG 

1 . 




, MG PER 




! (’hlonde* 

j Silver 

Chloride* 

1 Silver 

LITER 

1 

I 56 1 

; -0 795 

0 56 

0 66 

0 54 

0 68 

j +0 12 

-1 057 

0 612 

0.600 

0 621 

0 595 

I -0 019 

2 

1 57 

-0 704 

0 605 

0 616 

0 584 

0 632 

+0 030 

3 

1 56 

-0 748 

0 628 

0 613 

0 626 

0 590 

-0 026 

4 

1 57 1 

-0 475 

0 56 

0 64 

0 57 

0 (>4 

+0 08 

-0 689 

0 604 

0 610 

0 604 

0 612 

-fO 007 

5 

1 57 

-0 683 

0 618 

0 599 

0 613 

0 603 

-0 015 


( 

-0 628 

0 57 

0.64 

0.55 

0.67 

+0 10 

G 

1 57 

-0 729 

1 0 59 

0 61 

0.60 

0 61 

+0 02 


i 

-0 786 

0 629 

0 595 

0 624 

0 592 

-0 033 

7 

1 57 1 

-0.594 



0 57 

0 64 

-fO 07 

/ 

-0 712 

0 61 

0 61 

0 604 I 

0 612 

-fO 004 

8 

1 58 

-0 733 

0 605 

0 615 

0 (>08 

0 608 

+0 005 

9 

1 57 

-0 208 

0 603 

0 606 

0 598 1 

: 0 618 

+0 012 

10 

1 59 

-0 307 

0 (505 

0 611 

0 597 

0 619 

+0 014 

11 

1 57 

-0 208 

0 602 

0 595 

0 623 

0 593 

-0 018 

12 

1 67 1 

-0 139 

0.62 

0.59 

0 63 

0 58 

-0.04 

-0 085 

0 598 

0.611 

0 596 

0 620 

+0 019 

13 

1.58 { 

0 000 

0 603 

0 606 

0 608 

0.608 

+0 002 

-0 056 

0 622 

0 592 

0 633 

0.583 

-0.040 

14 

1 1 59 

0 000 

0.625 

0 601 

0 632 

0 584 

-0 036 

15 

1.57 

0 000 

0 605 

0 601 



-0 004 


* The values in this column are chloride concentrations in milligrams per liter, 
multiplied by the factor Ag/Cl. 


end-point would be subject to corrections which would vary with the 
temperature, the acid concentration and volume of the analytical solutions, 
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the size of the analytical‘samples, and the method of forming the test 
suspensions. Equal-opalescence tests made upon solutions containing 
equivalent amounts of silver and chloride and saturated at 25®C. gave 
approximately unit ratios, but were insensitive to additions of excess silver 
nitrate or potassium chloride equivalent to 0.20 mg. of silver per liter. 

DISCUSSION OF RESULTS 

The amounts of silver '^subtracted'^ from the analytical solutions and the 
results of the standard solution analyses made at the corresponding stages 


TABLE 3 

Summary of analyses 


NO. 

KCl NO 

AgNO. 

KCl IN 
VACUUM 

Ag IN 
VACUUM 

TOTAL Ag 

1 o KCl 

RATIO 

KCl Ag 




grams 

gra ms 

grams 


4 

1 

1 

7.174405 

10.381709 

10 38101 

0 691109 

15 

2 

1 

7.159125 

10.358857 

10.35886 

0 691111 

6 

3 

1 

7.139503 

10.331248 

10.33051 

0.691108 

7 

4 

1 

7.110874 

10.289814 

10 28910 

0 691107 

3 

5 

1 

7.119655 

10 302444 

10 30174 

0 691112 

13 

1 

2 

7.113533 

10.292932 

10.29294 

0.691108 

9 

2 

2 

7.124221 

10.308618 

10.30839 j 

0 691109 

10 

3 

2 

7.241729 

10.478735 

10 47841 1 

0.691110 

12 ' 

4 

2 

7.128585 

10.314855 

10.31474 

0 691107 

2 

5 

2 

7.163709 

10 366249 

10 36550 

0.691111 

5 

1 

3 

7.132066 

10 320468 

10.31981 

0 691104 

11 

2 

3 

7.151197 

10.347646 

10 34747 

0 691106 

14 

3 

3 

7.230660 

10 462442 

10.46250 

0.691103 

8 

4 

3 

7.212326 

10.436676 

10 43594 

0.691105 

1 

5 

3 

7.102363 

10 277835 

10.27681 

0.691106 

1 .. . 

Average. 

0.691108 

Probable error. 

±0 0000005 


of adjustment to the end-point are given in table 2. From these data and 
the original weights of silver and potassium chloride added (table 3) the 
KCl:Ag ratio may be calculated. In table 3 the results of calculations 
based on the final sets of analyses are summarized. No corrections have 
been applied for hydrogen in the silver or nitrogen in the fused salt; they 
could hardly affect the final average by more than a few parts per million. 

While the analytical procedures were designed to reduce to a minimum 
all of the errors in the determination of the ratio, the plan of the research 
was calculated to reveal any sources of error in the procedures. The only 
factor whose effect upon the accuracy of the procedures could not be 
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estimated in two different ways was the composition of the precipitated 
silver chloride. However, satisfactory evidence that silver chloride is a 
compound with an accurately reproducible composition was obtained in 
work on the atomic mass of sodium (2). The absence of effects due to 
greatly changed conditions of precipitation in five of the present determina¬ 
tions offered further evidence that silver chloride formed under the condi¬ 
tions of these experiments has a definite composition not measurably 
altered by adsorption effects. 

The agreement of the independent and basically different nephelometric 
and potentiometric analyses of the solutions obtained by the analytical 
reaction and by the reverse method of synthesis (table 1) offers proof of the 
soundness of the end-point. The absence of variations in the final results 
shows the adequacy of the purifications and the precision of the method as 
a whole. 

The fifteen determinations of the ratio have been made with sufficient 
independence to give general validity to the final average. It may thus be 
concluded that the value 0.691108 dbO.0000005 represents an accurate 
estimate of the KCl: Ag ratio. This value agrees well with the average of 
Stasis four series of determinations and is reassuringly close to the mean 
of the various results which have been obtained in recent times with the 
equal-opalescence method. The corresponding value of 39.100 for the 
atomic mass of potassium (Ag = 107.880; Cl = 35.457) is also close to the 
mean obtained in determinations of this constant through other ratios. 

Acknowledgment is due for facilities supplied by the Chemistry Depart¬ 
ment of The Rice Institute, where this research was started in 1928. 
Special apparatus used in the work was purchased with a grant from the 
Cyrus M. Warren Fund of the American Academy of Arts and Sciences. 
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The work described herein offers information regarding the purity with 
which sodium chloride and potassium chloride may be obtained in weigh- 
able form. It also shows the extent to which samples of the latter material 
taken from different sources and purified by different methods may be 
depended upon to have the same composition. The experiments were 
undertaken primarily to supplement researches on the atomic masses of 
sodium and potassium, but they have a more general interest because of 
the many cases in which the alkali chlorides are used as reference standards 
in analytical and physical chemistry. The findings thus have a bearing 
on the preparation and handling of the compounds in conductance measure¬ 
ments, E. M. F. measurements, reaction velocity measurements, pH meas¬ 
urements, and other work in which ^vcakl}’' buffered solutions of the salts 
are used. Moreover, the method employed in the tests is a general one, 
applicable in the preparation of other compounds in weighable form of 
known composition. 

By crystallization in platinum dishes sodium chloride and potassium 
chloride may be obtained free from all weighable impurities except water, 
platinum, and atmospheric gases. The platinum imjmrities are easily 
kept to negligible amounts, and the water and gases may be removed by 
fusion of the salts, but there is a limit set upon the purity of the fused 
material by the slight hydrolysis which occurs during fusion. The experi¬ 
ments supply quantitative evidence upon the magnitude of this limit w^hen 
the pure well-dried salts are fused either in air of known humidity or in 
dry nitrogen. 

KEAGENTS 

The potassium chloride, water, and nitrogen used in this work were 
prepared as set forth in the preceding article. The sodium chloride was 
taken from one 25-g. and two 26-g. fractions from a single source, the 
purification of w^hich is described elsew^here (2). 

EXPERIMENTAL 

The experiments consisted in fusing portions of the salt samples under 
various conditions and determining the alkali in the fused material. In 
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one set of experiments the gases evolved during the heating and fusion 
process were analyzed for acid, chloride, and total electrolyte. In this 
case the salts were fused in a 15-cc. platinum-rhodium boat in a closed 
platinum-lined quartz muffle (3), in a current of nitrogen. The gases 
from the muffle passed through a 200-cm. coil of dry 5-mm. Pyrex tubing 
into a conductance cell under conditions such that the absorption of elec¬ 
trolytes was practically 100 per cent complete. 

The salts were weighed before and after fusion; the observed difference 
in weight includes loss by volatilization, loss of water, and mechanical 
loss. The platinum-rhodium boat lost about 0.01 mg. in each fusion; 
with pure platinum the losses were from 0.03 mg. to 0.06 mg. per fusion. 
The main part of these platinum losses did not take place from the salt- 
platinum system until the salt was dissolved out of the boat, i.e., the loss by 
volatilization of platinum was a minor effect. 

The fused, partially cooled salts were transparent, colorless, and free 
from bubbles when removed from the muffle, but sometimes cracked on 
further cooling. 

For each experiment 50 cc. of distilled water was placed in the cell and 
the conductance was determined after a slow current of nitrogen had 
removed most of the carbon dioxide. With the nitrogen still passing, the 
temperature of the furnace was gradually raised as follows: 3 amperes, 2 
hours; 4 amperes, 30 minutes; 5 amperes, 30 minutes; 6 amperes, 10 to 15 
minutes. The current was then raised to 7.7 amperes (8.1 amperes for the 
sodium chloride), whereupon the salt fused in about fifteen minutes. The 
current was shut off two to ten minutes after the salt had fused. In experi¬ 
ments 1 to 3 the nitrogen was passed continuously; in experiment 4 the gas 
current was stopped after the salt had fused; in experiments 5 to 12 it was 
stopped when the current was raised from 6 amperes; the furnace gases 
were passed into the conductance cell after the salt had ceased to volatilize. 

Conductance measurements were made during the heating process and 
after the absorption of electrolytes was complete. The measurements 
were made at temperatures from 22'’C. to 26®C. and have been corrected 
accordingly in calculating the electrolyte concentration, which is expressed 
arbitrarily as HCl. 

Following the conductance measurements, two 10-cc. portions of solution 
from the cell were analyzed for acid (H'*') by titration with 0.001 M alkali 
in a nitrogen atmosphere. Another 20-cc. portion was analyzed nephelo- 
metrically for chloride by comparison with standard potassium chloride 
solutions. 

In some cases the alkali content of the fused salt was determined by 
titration with 0.001 M nitric acid and methyl red indicator in the carbon 
dioxide-free atmosphere and solutions obtainable with cells of the type 
used by Kolthoff and Kameda (4). Freshly prepared solutions made from 
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water, indicator, and the recrystallized neutral salts furnished the reference 
end-point. For the samples which were used in atomic weight analys(is. 


TABLE 1 


Hydrolysla of aalfs fused in dry nitrogen 






SPECIFIC CONDI’C- 









IIVITY X 10* 

TOTAL MOLES X HI* FBOM 



sample 

LOSS ON 

— 


— 


— 

— 



WEKJHT 

FUSION 



Evolved gases 

Salt 





Initial 

Final 

-- 










HCl 

Cl 


OH- 



gra 

mg 







KCl 

4 

7 1 


0 47 

8 93”° 

1 14 

1 0 

<1 

0 05 

KCl 

2a 

7 1 


0 60 

6 78«° 

0 75 

0 42 

<0 3 


KCl 

2h* 

7 1 

2 8 

0 36 

9 99*^° 

1 19 

1 4 

<1 

<0 02 

KCl 

3 

7 2 

3 5 

0 58 

4 28*«‘= 

0 43 

0 44 

0 2 

<0 02 

KCl 

2 

I 7 2 1 

3 6 

0 38 

0 

0 07 

0 12 

0 15 

<0 05 

KCl 

4 

7 1 

7 5 

0 31 

5 3224° 

0 60 

0 56 

0 7 

<0 09 

KCl 

1 

7 1 I 

9 0 ; 

: 0 31 

2 1622° 

0 22 

! 0 24 

0 3 

<0 08 

KCl 

3 1 

7 2 1 

4 8 

0 33 

0 702«^° 

0 04 

0 06 

0 14 

-0 09t 

KCl 

i 2 

7 2 

4 () 1 

0 28 

1 0424° 

0 09 

0 09 

<0 09 

<0 09 

KCl 

' ^ 

6 9 

3 8 

0 63 

0 8422° 1 

0 03 

0 12 

<0 05 

-0 lit 

NaCl 

2 

7 4 

8 9 ! 

0 44 

1 0925° j 

0 08 

0 10 

<0 05 

0 29 

NaCl 

4 

6 6 

10 5 1 

i 

0 61 j 

2 362«° j 

0 20 

0 39 

0 1 

0 24 


* Second fusion of same material 

t Solution of fused salt more arid than reference solution. 


NXTItO- 

CrEV 


re per 
minute 

18 

10 

25 

45 

32 

27 

37 

30 

35 

30 

40 

35 


TABLE 2 


Hydrolysis of salts fused in moist air 


halt 

NO 

SAMPLE WFIOHT 

loss on !• 1 .SION 

RELATIN b 
HUMiniTV 

moles X 10* 
(AS OH ) 



gra m s 

mg 



♦NaCl 

2 and 4 

6 5 

8 6 

68 

5 6 

NaCl 

1 

6 3 

13 3 

67 

5 8 

♦KCl 

5 

7 2 

6 1 

70 

0 24 

KCl 

5 

5 7 

6 8 

77 

0 13 

KCl 

4 

6 8 

6 6 

72 

0 35 

KCl 

3 

4 4 

4 9 

58 

0 20 

KCl 

1 2 

4 9 

5 0 

49 

0 19 

KCl 

i 1 

6 0 

4 6 

1 

63 

0 17 


* Fused in 20-ec. crucible in porcelain beaker. 


the alkali w^as estimated by the method of Honigsehmid (1), using 50-cc. 
volumes of solution, 0.05-cc. portions of 0.004 M methyl red solution, and 
0.001 M nitric acid. Microburettes were used throughout. 
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The results of the above-<iescribed experiments are summarized in 
table 1. 

A second set of tests was made in which the salts were fused under exactly 
the same conditions as before, except that the cap of the muffle was re¬ 
moved and no nitrogen was passed. These experiments are summarized 
in table 2. 

The muffle was washed out at intervals during the fusions. Table 3 
gives the results of analyses made for alkali in the washings. 


TABLE 3 

Alkali recovered from muffle 


SALT FUSED 

TOTAL IN GRAMS 

NO. OF FUSIONS 

MUFFLE CAP 

1 

MOLES X 10« 

(AS 011“) 

KCl 

84 

11 

On 

1 0 

KCl 

57 

8 

On 

<0 9 

NaCl 

14 

2 

On 

1 1 08 

NaCl 

6 

1 

Off 

KCl 

28 

5 

Off 

0 76 


TABLE 4 


Observed mass of salts exposed to moist air 


SALT 

NO 

TIME 

EXPOSED 

RELA- 1 
TIVE 
HUMID¬ 
ITY 

MASS IN 
GRAMS 

KCl 


10 min. 

7 hrs. 

8 

7.102363 

7.102360 

KCl 


10 min. 

8 hrs. 

20 

7.110874 

7.110863 

KCl 


10 min. 

5 hrs. 

51 

7 230660 
7.230663 

KCl 


10 min. 

15 hrs. 

54 

36 

7 159125 

7 159124 


SALT 

NO. 

TIME 

EXPOSED 

1 



9 A.M. 

NaCl 

1 

2 ^ 


to 




2 P.M, 

NaCl 

2 

30 min. 


RELA¬ 
TIVE Mass in 

HUMID- GRAMS 
ITY 


65 


5.470888 
5.470906 
5 470908 
5 470906 
5 470899 


85 


Not found 


Tests were made to determine if the salts fused in nitrogen take up 
moisture when exposed to air during weighing. The salts were weighed 
without removing them from the boats or crucibles. The data obtained 
are summarized in table 4. 

Eight of the identical fused potassium chloride samples listed in table 1 
were used in the atomic mass determination described in the foregoing 
paper. Parts of the three sodium chloride fractions used in another 
atomic mass determination (2) gave values for the NaCltAg ratio from 
0.641812 to 0.541821. 



HYDROLYSIS OF ALKALI CHLORIDES 


795 


DISCUSSION OF RESULTS 

The total loss of hydrogen chloride due to hydrolysis was extremely 
small when the salts were fused in dry nitrogen, but the amount of alkali 
left in the salt in the boat was even smaller. The larger part of the hydrol¬ 
ysis occurred either in the vapor phase or at the walls of the muffle. 

When the nitrogen was passed continuously during the heating and 
fusion, the high values obtained from the conductance data were due to 
volatilized salt. The conductance measurements made at intervals as the 
temperature was raised showed that the hydrolysis took place mainly after 
the current was raised from 6 amperes. 

Sodium chloride has a much greater tendency to hydrolyze than potas¬ 
sium chloride when fused in moist air. The corresponding difference 
observed for the samples fused in nitrogen is not significant, for the 107 g. 
of material from which the sodium chloride fractions w'ere taken was cut 
from a 168 g. quantity which yielded 0.0011 g. of sodium bicarbonate to the 
rejected mother liquors. 


SUMMARY 

It has been shown that carefully purified sodium chloride and potassium 
chloride consistently hold less than one or two parts per million of alkali 
when fused in dry nitrogen under a specified set of conditions. It may be 
inferred that samples of the salts taken from different sources and purified 
by different methods may l)e prcjiared constant in composition to the 
same extent. The latter conclusion has been confirmed to the limit of the 
experimental precision, and independently, by analysis of various samples 
of the salts. 

Sodium chloride and potassium chloride prepared, purified, and fused as 
described may be weighed in air of low and moderate humidity without 
taking up weighable amounts of moisture. 
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Polonium has been used but little as a radioactive indicator because, 
except in strong acid solution, it appears to be colloidally dispersed (18,19). 
This behavior is unfortunate, because the radioelement possesses ideal 
properties which qualify it for use as an indicator. Polonium is a strong 
alpha-radiator, and therefore produces an intense and easily measurable 
ionization. Because it is the last active member of the uranium-radium 
series, there is no need for multiple measurements or for delay until es¬ 
tablishment of radioacti\'e equilibrium with succeeding products. In 
addition, it is sufficiently long-lived to obviate the necessity of making 
decay corrections in most eases. Since polonium in true solution would 
constitute a valuable tool for a proposed study of crystalline precipitates, 
it was believed advisable to determine, if possible, useful conditions under 
which radiocolloid (23) formation by polonium is minimized. 

Elements like polonium, radium E, thorium B, etc., under suitable con¬ 
ditions of acidity, l)ehave as though they were colloids. This conclusion 
Is drawn from their dialyzability (18, 19), the small velocity with whicli 
they diffuse in solution (19, 20, 22), their centrifugability (2, 4, 24) and 
settling under gravity (16), their behavior in an electric field (8, 9, 10, 15, 
19), and from the fact that radiograms (1, 11) of small quantities of their 
solutions apparently show the presence of large aggregates of radioactive 
atoms. Because it is uncertain wiiether true colloids are involved, the 
term ^Vadiocolloid’’ (23) was coined. 

Opinions as to the cause of the phenomenon are not in accord. One 
explanation (19) vieW’S tlie effect as true colloid formation, the sol consist¬ 
ing of extremely insoluble products of the hydrolysis of salts of radioele- 
ments. Actually, those radioactive elements which would be expected to 
yield, upon hydrolysis, insoluble hydroxides and basic salts, do show^ a 
pronounced radiocolloid effect (11). Since the solubility products of these 
compounds of lead and bismuth are never exceeded in solutions containing 
only the radioactive isotopes of these common elements, it is difficult to 
see how such precipitates can be formed. Hence others (15, 24, 26) hold 
that the phenomenon is really a pseudo-colloid formation resulting from 
the adsorption of radioelements by traces of colloidal impurities, such as 
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dust, alumina, and silica particles, suspended in the liquid media employed. 
This view is supported by the fact that it is almost impossible to prepare 
and store in the laboratory, water which is truly optically void (13, 25). 

Since the chief source of suspended silica is the walls of glass containers 
used for storage purposes, it occurred to the authors to study the behavior 
of polonium solutions kept in paraffined bottles. This procedure has the 
additional advantage of preventing adsorption of the polonium by the 
glass (5, 21) itself. Though by this simple expedient the radiocolloid 
effect could not be avoided entirely, it w'as found that polonium could be 
maintained in dilute acid solutions stored in paraffin for periods of time 
sufficiently convenient to permit its use as an indicator. The necessity 
of preparing fresh stock solutions for each set of experiments was thus 
eliminated. 


EXPERIMENTAL 

The centrifuging method (12) of demonstrating radiocolloid formation, 
was used in these experiments. Paraffined, cylindrical copper cups (2.5 
cm. in diameter X 7 cm. in height), closed by paraffined stoppers, were 
used for centrifugation. Into each cup was placed 16 ml. of a given polo¬ 
nium solution, and the whole rotated for various times at a speed of 3000 
K.P.M., with a radius of 22 cm. Then three 2.63-ml. samples of the superna¬ 
tant liquid were carefully sucked off and evaporated in matched watch- 
glasses on a water bath, prior to measurement in a Lind electroscope (17) 
equipped with an open door chamber. Samples of the uncentrifuged 
solution were taken as standards for comparison. All pipets used were 
paraffined. All experiments were done in duplicate. Electroscopic 
measurements were accurate to within dt 1 per cent. In most cases, cen¬ 
trifuging was carried on for an hour. 

Polonium was obtained from a number of old radon bulbs, after digest¬ 
ing the crushed glass in acid, by currentless electrochemical deposition 
(5, 6, 7) on silver. The silver was dissolved in concentrated nitric acid, 
hydrochloric acid was added to precipitate the silver, and, after removal 
of silver chloride by filtration, the filtrate was evaporated to dryness in a 
Pyrex beaker on a water bath. The polonium source, from which all 
other solutions were subsequently prepared, was obtained by taking up 
the residue in cold 1.015 N nitric acid. Boiling the acid solution to ac¬ 
celerate solution was found to yield a large amount of centrifugable polo¬ 
nium, and was therefore undesirable. In this fashion, 125 ml. of a stock 
solution containing 100 e.s.u. of polonium was prepared and stored in a 
paraffined bottle. The solutions used in the centrifuging experiments 
were formed by diluting this source with twice-distilled water, and then 
stored in large paraffined containers. This water was used shortly after 
the second distillation, to avoid long standing in glass receivers. More 
active solutions were made by evaporating a portion of the source, and 



STORAGE OP POLONITTM SOLUTIONS 


799 


taking up the residue in a solution of the proper acid concentration. 
The centrifugability of the polonium was measured at various times after 
the preparation of solutions. Results are expressed as per cent of polo¬ 
nium left in solution after centrifugation. Approximate polonium quanti¬ 
ties are given in electrostatic units. 

RESULTS 

The acid concentration and polonium content of solutions studied, as 
well as the results of centrifugation exixsriments, are summarized in 
table 1. 


TABLE 1 


Centrifuging of polonium solutioriH 



COMPOSITION 

AGE OF 
SOH'TIO.V 

duration or 

CENTRIFUGING 

POLONIUM 

LEFT 

SOLUTION 

Nitric acid 
concentration 

Polonium 

content 

E.8 u /16.1 ml. 

1 

AT 

1 09 

0.06 

days 

45 

hours 

1 

per rent 

98 8 

2 

0.114 

0.06 

45 

1 

97 3 

3 1 

0 0196 

0 07 

10 

3 

98 0 

^ 1 

0.0196 

0 07 

13 

2 

98 2 

4 

0 0108 

0 48 

22 

1 

95 2 


0.00534 

0 07 

7 

0 5 

100 


0.00534 

0 07 

7 

1 

100 


0 00534 

0 07 

7 

3 

100 

5 

0 00534 

0 07 

12 

1 

99 4 


0 00534 

0 07 

39 

1 

99 8 


0.00534 

0 07 

45 

1 

98 2 

6 

0 (K)534 

0 59 

9 

1 

96 2 

7 / 

0 00059 

0 08 

11 

1 

96 5 

^ 1 

0 00059 

0 08 

11 

2 

97 9 

8 

0 0(X)59 

0 80 

8 

1 

96 3 


From these data, it is evident that polonium solutions can remain prac¬ 
tically uncentrifugable for long periods of time. Even the 0.00059 N 
acid solution shows little indication of radiocolloid formation after a week 
of standing. This is especially significant, because A. Korvezee (14) has 
recently reported a region of maximum centrifugability near this acid 
concentration. 

That this is an improvement over storage in uncoated glass vessels can 
be illustrated simply by following the behavior of solution 5 kept in a com¬ 
mon glass container for six days. After this period, the activities of the 
centrifuged and uncentrifuged solutions were measured in the usual 
fashion. By comparing these electroscope discharges with samples of the 
original solution kept in paraffin, both adsorption by glass walls and 
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radiocolloid formation could be determined. Using 200 ml. in 250-ml. 
bottles, it was found that 8.4 per cent of the polonium had been removed 
from solution by the glass walls, and of the polonium remaining in solution, 
20 per cent was removed by centrifuging for one hour. It seems definite 
that glass containers are undesirable as stock bottles for polonium solutions. 

The disadvantage in using glass is further illustrated by preparing radio¬ 
active solutions with the use of inactive acid solutions which had been 
shaken gently for several days in common glass botjtles. A 0.00059 N 
nitric acid solution was employed for this purpose. After the dilute acid 
had been transferred to paraffined flasks, portions were centrifuged for an 
hour and a half, and half of the supernatant liquid separated from the 
remaining liquid. Then three polonium solutions were made by diluting 
fresh solution 8 with measured volumes of uncentrifuged acid, the super¬ 
natant liquid, and the residual liquid. These solutions were shaken in 

TABLE 2 


Radiocolloid formation in solutions prepared from glass-siored acid 



COMPOfNITION 



ACID SOLUTION EMPLOYBD 

HNOl 

concentra¬ 

tion 

Polonium 
content 
B.8.1I / 

16.1 ml. 

AOB OP 
SOLUTION 

poloniim 

LEFT 

Uncentrifuged acid.| 

N 

0 00059 

0 077 

days 

2 

per cent 

81 9 

0 00059 

0 077 

8 

72.5 

Supernatant liquid. 

0 00059 

0 18 

2 

93 0 

Residual liquid. 

0 00059 

0 11 

2 

39 5 


paraflBn for two days, and centrifuged for one hour in the usual manner. 
Table 2 shows the results of these experiments. 

The ^‘uncentrifuged acid” solution clearly shows the radiocolloid forma¬ 
tion, accompanied by its characteristic increasing centrifugability with 
age (3). On the other hand, the ‘‘supernatant acid” solution is practically 
free from the disturbing phenomenon. In accord with the last observation 
is the fact that the “residual acid” solution shows the greatest loss on cen¬ 
trifuging. Apparently the dilute acid, during its contact with glass, had 
become contaminated with impurities which promote the centrifugability 
of polonium. 


DISCUSSION 

Objections might be directed toward the use of such small amounts 
(0.06 to 0.8 E.s.u.) of polonium in studying the radiocolloid effect. These 
are unfounded, because the above experiments unquestionably point to the 
loss of polonium on centrifuging our weak solutions, unless paraffined con¬ 
tainers are used. Furthermore C. Chami6 and M. Haissinsky (3) have 
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demonstrated the phenomenon using 0.05 e.s.u. The stability of our 
solutions can be explained best by the care taken to avoid contact with 
uncoated glass walls. Even this precaution is insufficient to eliminate the 
effect in 0.00059 N acid after two weeks of storage. 

Experiments of this type unfortunately are chiefly empirical, and do not 
explain the mechanism of radiocolloid formation. Probably glass alone 
is not responsible. Dust particles too will produce the effect, as was shown 
by I. E. Starik (21). We have found that as little as 25 mg. of laboratory 
dust, shaken in 16 ml. of solution 5 for ten minutes, will cause a separation 
of 87 per cent of the polonium after centrifuging for only ten minutes at 
1600 R.p.M. This, together with colloid-producing impurities in the nitric 
acid used, probably accounts for the small losses found in table 1. 

SUMMARY 

1. The use of glass vessels for the storage of polonium solutions is 
undesirable. 

2. Coating storage containers with paraffin eliminates, to a considerable 
extent, the disturbing radiocolloid effect in polonium solutions. 

3. Polonium solutions which are as dilute as 0.00059 N in nitric acid 
may be used for more than a week if stored in paraffined vessels. More 
concentrated acid solutions may be kept for longer than a month and a half. 
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The study of the kinetics and mechanism of the decomposition of diethyl- 
amine was undertaken in order to continue the work in Ihe amine series 
under investigation in this laboratory. The decompositions of the pri¬ 
mary amines appeared at first sight to offer simple examples of homogene¬ 
ous unimolccular reactions (8,9,11). This simplicity, however, was shown 
})y Taylor (10) to be illusory in the decomposition of dimcthylamine, ow¬ 
ing to a mutual compensation of several concurrent reactions. It was 
hoped therefore that a fuller investigation, particularly of the mechanism, 
might yield a possible scheme of analysis of the complete results. 

In a study of the catalytic influence of iodine on amines, Bairstow and 
Hinshelwood (1) assume the over-all change occurring with diethylamine 
to be 


(C2H5)2NH C 2 H 6 + CH 4 + HCN 

despite the fact that in the uncatalyzed reaction only from 15 to 30 per 
cent of the theoretical amount of hydrogen cyanide could be detected with 
silver nitrate and that this fell to from 5 to 10 per cent in the iodine- 
catalyzed decomposition. They conclude that the reaction is imTially 
homogeneous and unimolecular. In view of the fact, as will be shown, 
that methane and nitrogen are the chief products and that no hydrogen 
cyanide was detected in any stage of the reaction, although a hydrazine 
which readily reacted with silver nitrate was always found, this mechanism 
appears untenable. Furthermore, there appears a distinct possibility 
that hydrogen cyanide, if formed, would add on to any unchanged amine 
and thus reduce still further the observed rate of pressure increase. 

The rate of decomposition was studied statically in an apparatus 
identical with that used in the previous work already published. The 
diethylamine used was an Eastman sample, redistilled over lime, and boil¬ 
ing from 55.5 to 56.0°C. The capillaries connecting the amine reservoir, 
reaction vessel, and manometer were maintained at 60°C. to prevent any 
condensation occurring. Data were obtained over the temperature range 

^ Abstract from a thesis presented by C. R. Herman in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy at New York University. 
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from 510 to 540®C., and at pressures from 40 to 400 mm. The pressure 
increase during reaction averaged around 160 per cent, although a per¬ 
ceptible effect of both temperature and pressure was observable. Thus 
at SIO^C. the pressure increase varied from 182 to 166 per cent at pressures 
ranging from 44 to 419 mm., whilst at 540“C. the variation was from 176 
to 134 per cent over the same pressure range. Such variations, however, 
may not be a true indication of the existence of an equilibrium but may be 



merely due to the fact that the end points taken are fictitious, owing to 
very slowly occurring secondary reactions. 

A typical diagram of the rate of pressure change with time is shown in 
figure 1 for initial pressures of 44, 91.5,156.5, 203, 291.5, and 401 mm. at 
510®C. Similar curves were obtained at the other temperatures. 

In table 1 are given the values of the quarter-lives for the various tem¬ 
peratures and pressures studied, calculated as the time necessary for one 
quarter of the total pressure increase to occur. 

The only obvious conclusion one can draw from these values is that the 
reaction has an order lying between one and two, more closely approaching 
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the former however, but being in all probability complex. The variation 
in quarter-life with pressure is the more marked the lower the pressure, 
and the possibility therefore remains that at higher pressures a constant 
life might be found. 

The reaction was shown to be homogeneous under the conditions studied 
by increasing the surface to volume ratio of the reaction vessel eleven times 
by packing with short lengths of Pyrex tubing. Table 2 shows a compari- 

TABLE 1 


Values of the quarter-lives at different temperatures and pressures 


INITIAL PREf^AT'RE 

i IN IIINUTICA 

1 INITIAL PRESSURE 

t IN MINUTES 

Temperature = 510 ®C. i 

Temperature = 530®C. 

44 0 

3 80 

43 

1 45 

58 5 

3 .35 

71 

1 34 

81 0 

3 05 

88 

1 15 

91 5 

2 80 

134 

1 09 

156 5 

2 23 

188 

0 92 

203 

2 08 

228 

0 88 

257 5 

1 96 

256 

0 83 

291 5 

1 87 

295 

0 76 

322 5 

1 74 

342 

0 74 

374 5 

1 66 

368 

0 74 

401 0 

1 56 

410 

0 70 

419 0 

1 50 

452 

0 69 

Temperature — 520”C\ 

Temperature - 540 

37 

2 30 

41 

1 20 

85 

1 87 

91 

0 85 

127 

1 65 

129 

0 77 

142 

1 48 

152 

! 0 68 

18.5 

1 35 

209 

0 63 

204 

1 30 

252 

0 60 

245 

1 21 

275 

0 57 

282 

1.15 

315 

0.56 

385 

1 03 

358 

0.54 

432 

0 96 

4.39 

0.50 


son of the actual pressure readings at various times for the same initial 
pressure in the packed and unpacked vessels. 

The data in table 2 show that the reaction is in the main homogeneous, 
though there arc indications of a speeding up over the later portion of the 
reaction, though the pressure increase for the unpacked vessel was 174 per 
cent whilst that for the packed vessel was 175 per cent. 

The effects of added nitrogen, hydrogen, and ammonia were studied at 
the highest and lowest temperatures, namely, 640 and SIO^C., and at 
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initial pressures of amine of 40 and 200 mm., the pressure of added gas being 
150 mm. These data are presented in table 3 in the form of percentage 
total pressure increase and the quarter-life. 

It is readily seen that the effect of nitrogen is negligibly small at all 
temperatures and pressures. Ammonia, however, appears to retard the 
rate of pressure increase, and in all probability does so by specific chemical 
reaction. The effect of hydrogen is very marked. In the first place the 
end point is considerably reduced, showing again a probable chemical 
action. The quarter-life based on this end point is also largely reduced 
though, owing to the disproportionate end points, the effect is apparently 
larger than it actually is for the earlier portions of reaction. The actual 


TABLE 2 

Changes in pressure observed when the reaction occurs in packed and in unpacked vessels 

Temperature = SIO^C. 


TIME 

PKESSURfi CHANGE 

Unpacked vessel. Initial 
pressure 233 mni. 

Packed vessel. Initial 
pressure 230 mm 

minutes 

0 5 

26 

25 

1.0 

51 ! 

50 

2 0 

99 

94 

3.0 

139 

134 

4 0 

170 

168 

5 0 

200 

195 

6 0 

223 

220 

7 0 

242 

240 

8 0 

258 

255 

10.0 

283 

283 

12 0 

302 

303 

14 0 

316 

1 319 

16 0 

326 

332 


pressure change for equivalent times is not however as great for the amine 
in presence of hydrogen as in its absence. There appears then to be an 
actual retardation by hydrogen. 

With the view of determining the end products of reaction a weighed 
amount of amine was sealed in a glass bomb and heated for three days at 
600°C. to render reaction complete. The gaseous products were then 
analyzed,® yielding 2.1 per cent of ammonia as water-soluble, 3.2 per cent 
of unsaturated hydrocarbon absorbed by bromine, 0.2 per cent of hydrogen 
by preferential combustion over copper oxide, 70.1 per cent of methane, 


* Thanks are due to H. Tampoll of this laboratory for the gas analyses. 
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and 2.3 per cent of ethane. The remaining 23 per cent is nitrogen. The 
reaction in the main then appears to yield methane and nitrogen in the 
ratio of three to one. The difference between this value and their ratio in 
the original amine is to be accounted for by the large amount of black 
deposit obtained in such bomb experiments. Such results, though of 
little use in determining a mechanism, are necessary to the elucidation of 
the final goal of the reaction. 

To obtain the details of the mechanism of the reaction in its earliest 
stages a small amount of liquid diethylaminc was sealed in a tube and 

tablp: 3 


The effect of added gases 


rRESBl RE OF AMINE 

(1 AH 

PRESSURE OP OAS 

PER CENT INCREASE 


Temperature = 510 °C. 

mm. 


mm. 


minutes 

44 



182 

3 80 

40 

NIU 

153 5 

179 

4 20 

43 


151 

182 

3 75 

46 

H, 1 

152 

170 

3 55 

203 

1 


175 

2 08 

201 

NH. 

153 j 

171 1 

2 20 

210 


152 

174 

2.17 

180 

1 

112 ! 

155 

157 

2.10 

Temperature = 540 

41 



17G 

1.20 

41 


154 

177 

1.30 

48 

N? 

148 

175 

1 17 

38 


151 

166 

1 10 

210 



156 

0 63 

207 

Klh 

154 

164 

0 66 

212 

N 2 

153 

156 

0 65 

225 


15S 

139 

0 57 


maintained at only 200®C. for twenty-four hours. Upon opening, a small 
pressure increase was noted, pointing to the accumulation of gaseous prod¬ 
ucts. In other cases at 400®C. and for periods varying from one to eight¬ 
een hours similar gaseous products were found and analyzed. In no 
case was hydrogen found in other than mere traces. Nitrogen was always 
present. From the ratio of the carbon dioxide to the water formed on 
combustion the gas appeared to be a mixture of methane and butane. To 
test this specifically, a sample of the gas was kept in a solid carbon dioxide 
bath for some time, during which a decrease in volume was observed. 
The remaining uncondensed gas on combustion proved to be practically 
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pure methane. The condensed portion upon vaporizing and combustion 
analyzed as more nearly pure butane. Analysis of the remaining liquid in 
these experiments showed a considerable amount of unchanged secondary 
amine with only traces of primary and tertiary amine. Specific tests for 
the cyanide group as, for example, by the Prussian blue test showed its 
complete absence. In like manner nitriles too were shown to be absent. 
Upon addition of silver nitrate a marked reduction occurred, yielding the 
characteristic silver mirror. It is probable that this reduction is caused by 
a hydrazine, and the initial reaction may tentatively be indicated as 

2(C2H6)2NH CaHfiNH—NHCaHs + C 4 H 10 

a bimolecular reaction involving no volume change. Subsequent reaction 
involving the liberation of nitrogen from the hydrazine and the decompo¬ 
sition of butane would account for the presence of nitrogen, methane, and 
ethane in the end products, the over-all volume increase, and for the 
observed slow secondary reactions yielding apparent equilibria in the final 
state. The absence of hydrogen in the high temperature bomb experi¬ 
ments is in line with the observations of rehydrogenation of unsaturated 
hydrocarbons in the butane decomposition (2, 3). The excess of methane 
over ethane is to be expected also because of decomposition of the 
ethane (4). 

The decomposition, at least in its earlier stages, of butane, is admittedly 
a unimolecular reaction even if of a chain type (5), and it would appear 
reasonable from the complexity of the molecule that the diethylhydrazine 
would also decompose unimolecularly. This is under investigation in 
this laboratory at the present time. Assuming that this latter rate is 
faster than the observed rate of pressure increase of diethylaraine itself, 
the rate actually being measured here would be that of the bimolecular 
split into butane and hydrazine, a reaction without a volume change, in 
terms of the volume increase of the unimolecular reactions. It does not 
seem advisable at present to speculate on these relative rates, but the ob¬ 
servation that the rate of pressure increase found would indicate a reaction 
order between one and two is easily accounted for, other than by the as¬ 
sumption that it is due to a quasi-unimolecular reaction in the pressure 
range where the Maxwell-Boltzmann distribution of activated molecules 
is not maintained. 

In view of the fact that all analyses of the reaction products, whether 
taken in the early stages or later on, show the presence of some primary 
amine, ammonia, and unsaturated hydrocarbon, the possibility is suggested 
of an initial split of the amine into ammonia and an unsaturated hydro¬ 
carbon. The quantities of the latter usually found are hardly more than 
traces, however. Such a rupture therefore must be much more difficult 
than the hydrazine formation and consequently occur only to a minor ex- 
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tent. The reverse reaction, between ammonia and the unsaturated hy¬ 
drocarbon, will account for the repressing effect of the added ammonia 
previously mentioned, since in the butane decomposition some unsatu- 
rateds must certainly be formed, as may also be possible in the hydrazine 
decomposition. The effect of added hydrogen would be similar though 
more marked. 

There remains one factor, following as a consequence of the suggested 
mechanism, to be discussed. If the major reaction is bimolecular and 
without a volume change, followed by unimolecular reactions, there should 
be expected a period of induction in the reaction. Depending on the rela¬ 
tive rates this may be long or short. However, as was first pointed out by 
Schumacher and Wiig (7) in the case of ethylamine, the induction period 
only evidences itself on an extremely clean surface and at low initial 
pressures, and even then appears to show only very poor reproducibility. 
Under the present conditions the reproducibility is perfect even with an 
extended surface, though the argument might be advanced that the sur¬ 
faces were all uniformly poisoned. Under such conditions it is legitimate 
ne\’ertheless, to treat the reaction as homogeneous. There seems however 
no reason to doubt that if the decomposition of diethylamine were to be 
studied in a vessel which had been pumped out to less than mm. for 
several days, an induction period would be observed, as is the frequent 
observation with ethylamine in this laboratory at present. Indications 
in this case seem to point however to the hydrazine formation reaction as 
the one which is so extremely sensitive to traces of foreign material. 

An approximate idea of the energy of activation of the early reaction 
may be obtained from the observed quarter-lives. The average value 
yielded by the simple Arrhenius equation for the various pressures studied 
is 49,000 calories. This value, though somewhat higher than that found in 
a similar manner for the primary amines, namely 44,000 calories, is more 
nearly in agreement with the value of about 50,000 calories taken as in¬ 
dicative of the strength of the C—N bond by Rice and Johnson (6) from 
a study of the free radical formation by thermal decomposition. 

SUMMARY 

The rate of pressure increase in the diethylamine decomposition over a 
temperature range from 510 to 540®C. appears to indicate a homogeneous 
reaction with an energy of activation, in the early stages, of 49,000 calories. 
Analysis of intermediate products suggests the mechanism to involve the 
formation and subsequent decomposition of diethylhydrazine and butane. 
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The literature on the polymerization and liydrogenation of acetylene is 
voluminous (2), but practically all of it deals with the mechanism (3) and 
])roducts (6) of reaction. The only work dealing in any detail with the 
kinetics of tlie reaction is due to Pease (8) and Schlaffer and Brunner (12). 
Pease concludes that the rate-determining process is the primary reaction 
involving two molecules of acetylene. No (piantitative data on the 
ve'loeity of tlie hydrogenation are available. It was deemed desirable 
therefore to study botli r(*actions more thoroughly. 

The majority of previous work has been carried out by the dynamic 
method and suffers consequently, for such a complex reaction, from definite 
uncertainties of the time of contact and the analysis of the products. 
Since Pease, by the dynamic method, has shown that the only reaction of 
importance in the early stages of the thermal treatment of acetylene is the 
polymerization, and since the static method is admirably fitted for a study 
und(‘r such conditions, particularly if a back extrapolation to zero time is 
advisable, the static method as used previously by Taylor and his co¬ 
workers (14) was adopted. 


POLYMERIZATION 

Acetylene was generated by dropping water on Bakcr^s calcium carbide, 
the gas evolution being moderated by suspension of the carbide in alcohol. 
The gas was purified by passage through acid copper sulfate and dried over 
calcium chloride. Analysis by precipitation as copper acetylide gave, 
as a mean of several determinations, its purity as 98.7 per cent. As shown 
later, the only objectionable impurity in the acetylene is oxygen, and ab¬ 
sorption in acetylene-saturated alkaline pyrogallol showed considerably 
less than 0.1 per cent of oxygen in the acetylene used. 

It is repeatedly mentioned in the literature that acetylene decomposes 
more readily and smoothly in the presence of carbon formed in its pyroly¬ 
sis. This became quickly appreciated during the work because of the diffi- 

* Abstract from a thesis presented by Andrew van Hook in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy at New York University. 
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culty of obtaining duplicate results if the reaction system was thoroughly 
cleaned after each experiment. It was found, however, that after one run 
had been completed, the reaction vessel was apparently seasoned in some 
manner, and subsequent experiments at a given temperature and pressure 
were almost ideally reproducible. A change in either of these factors, 
however, necessitated a new seasoning. After each run the apparatus was 
thoroughly evacuated for at least one hour with a mercury vapor pump 
backed by an oil pump. To illustrate this reproducibility, data are pre¬ 
sented in table 1 of two runs, fortunately at exactly the same initial pres- 

TABLE 1 


Reproducibility of results after seasoning of Ih^ reaclion vessel 
Temperature, 535®C.; initial pressure, 399 mm. of CjHj 


TIME 

PRESSURE DECREASE 

TIME 

PRBSHURE DECREASE 

I 

11 

I 

11 

minutes 

mm 

mm. 

minutes 

mm. 

mm. 

0.5 

42 

42 

6 

204 

205 

1 0 

79 

80 

8 

219 5 

220 

1 5 

108 

110 

10 

230 

230 

2 

130 5 

131 

20 

253 

252 5 

3 

160 

161 

30 

261 

260 

4 

179.5 

181 

120 

272 

272 


TABLE 2 

Constancy of percentage pressure decrease with acetylene alone 


TEMPS RATT^KE 

END-POINT 

•c. 

495 

0 671 (Average of 26 observations) 

515 

0.687 (Average of 10 observations) 

535 

0 669 (Average of 6 observations) 

Mean. 

0 675 


sure, at 535®C., showing the rate of pressure decrease with time of 399 
mm. of acetylene. 

With acetylene alone the total percentage pressure decrease on comple¬ 
tion of reaction was constant, independent of temperature and initial 
pressure. These facts are shown in table 2 as the ratios of the total pres¬ 
sure decrease to the initial pressure. 

The end-point of the reactions occurring at temperatures from 495®C. 
to 535®C. may therefore be taken as approximately two-thirds. It is 
worth while to mention in this connection some observations made on a 
new reaction vessel which had not been seasoned. The first run is slower. 
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as measured by the actual rate of pressure decrease^ by an amount ap¬ 
proximately equivalent to a 5®C. change in temperature. The end-point 
too is much lower, about 0.36 as against 0.66, and would seem to indicate 
the preference of the decomposition reaction on the clean surface and its 
progressive decrease with seasoning. 

In order to test specifically the order of the polymerization reaction a 
comparison of the fractional lives for various initial pressures was made. 
As a result of the distillation of the liquid products formed during poly¬ 
merization Pease (8) decided that the major reaction involved four mole¬ 
cules of acetylene, giving a tetrapolymer. This is not inconsistent with the 
end-points herein quoted, since admittedly these are composite of both 

TABLE 3 


Timed rieressary for one-ienihy one-fourihj and one-half of the acetylene to react 

Temperature, 495®C. 


INITIAL 

PRESSURE 

P 


Pt 

I 

'1/4 

Pt 

k 

1 

q/2 

i 

Pt 

k 

mm 

minutes 


1 

minutes 



minutes 



748 

0 50 

374 

0 0037 

1 25 

935 

0 0045 

3 35 

2510 

0 0050 

729 ; 

0 51 j 

372 

0 (K)38 

1 27 

925 

0 0046 

i 3 67 

2675 

0 0047 

558 5 

0 68 

380 

0 0037 

1 71 

955 

0 0044 

4 69 

2620 

0 0048 

380 

1 15 ! 

436 

0 (1032 

3 0 

1140 

0 0037 

8 3 

3160 

0 0049 

365 

1 18 

430 

0 (H)33 

3 1 

1160 

0 0036 

8 8 

3210 

0 0040 

103 5 

7 0 

725 

0 0020 

19 5 

2020 

0 (K)21 

59 0 

6100 

0 0021 

100 

7 3 

729 

0 0019 

20 6 

2060 

0 (X)21 

67 2 ! 

6700 

0 0019 

92 5 

8 0 

738 

0 0019 

22 0 

2150 

0 0020 

70 0 

6460 

0 (K)20 

79 

10 6 

835 

0 (X)17 

29 0 

2280 i 

0 0019 

89 0 

7010 

0 0018 

70 5 

11 4 

800 

0 (K)18 i 

30 5 

2145 

0 0020 

91 0 

6400 

0 0020 

42 

24 9 

1042 

0 0014 

72 5 

3020 

0 0014 

212 

8860 

0 0014 

29 5 

38 

1150 

0 0012 

136 

4000 i 

0 0011 

410 

12050 

0 0011 

24 

57 

1370 

0 0010 1 

1 

215 

5150 

0 0008 

500 

1 12000 

0 0011 


polymerization and decomposition, despite the inherent suspicion of a 
trimer that the value of two-thirds would suggest. Assuming then with 
Pease the formation of the tetramer, the fractional life will be the time 
necessary for the pressure to fall by an amount P/f — P/4/, where P is 
the initial pressure of acetylene and l//the chosen fraction. In table 3 
are listed the times necessary for xV; h | of the acetylene to react. 
The products of initial pressure and time are included as a test of the bi- 
molecularity of the reaction. The velocity constants quoted are calcu¬ 
lated from these times by the usual expression for a bimolecular reaction 
^ as l/< • x/a(a — x)j the units used being seconds and atmospheres. 

The figures indicate that in the early stages the reaction is bimolecular 
but deviates as the reaction proceeds, and furthermore, that the deviation 
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is greater the smaller the initial acetylene pressure. Similar data at the 
other temperatures studied show that as the temperature increases the 
effect of the disturbing factor, which is imdoubtedly decomposition, also 
increases. The values of the velocity constant obtained above from the 
one-tenth life were verified by a back extrapolation to zero time. Thus, 
by plotting the observed values of the pressure change in unit time against 
the time and extrapolating to zero time, the limiting rate of pressure change 
is found at the very start of reaction, and dividing this by the square of 
the initial pressure gives the velocity constant of the reaction at its incep¬ 
tion. These values were slightly less than those found from the one- 
tenth life and are used in the subsequent calculation. 

Since higher pressures favor polymerization the velocity constant calcu¬ 
lated above is found to approach a limiting value at pressures which are 
only slightly above those actually studied. It is justifiable then to esti- 


TABLE 4 

Values of the velocity constant 


TBIIPSRATUBE 

VKLOaTT CONSTANT 

WORKER 

•c. 

420 

0 005-0.008 

Schlaffer and Brunner 

495 

0.0039 

Taylor and van Hook 

500 

0.0011-0.0015 

Pease 

515 

0,0078 

Taylor and van Hook 

525 

0 0030-0.0045 

Pease 

535 

0.0145 

Taylor and van Hook 

550 

0 0049-0.011 

Pease 


mate this limiting value by plotting the velocity constants against the 
reciprocal of the pressure and extrapolating to infinite pressure. By this 
means the value of the velocity constant for the earliest reaction and under 
the ideal conditions of infinite pressure is obtained. In table 4 the values 
so found at the temperatures studied are given. For comparison there are 
included in the table also the values available in the literature already 
cited. In general the values found are almost double those reported by 
Pease. This is undoubtedly due to the approximate nature of the calcula¬ 
tion in Pease’s work, using a d3mamic method, and to the devices used 
above to extrapolate to zero time and infinite pressure. Indeed, as Pease 
foimd, the value of k is usually the greater for those runs in which the least 
hydrogen and methane are found, that is, in which the pyrolysis was 
least. 

With the above values of the velocity constant an estimate of the energy 
of activation of polymerization can be obtained, using the simple Arrhen¬ 
ius equation. For the temperature interval 495®C. to 515°C. the value 
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calculated is 41,700 calories; for the interval 515®C. to 535°C., it is 39,300 
calories, giving as a mean 40,500 calories. 

A comparison between the observed velocity constants and those cal¬ 
culated on the basis of the activated collision theory of bimolecular reac¬ 
tion is now possible. The total numbers of collisions occurring per cubic 
centimeter per second is given by 2n^(T^ V irkT/m^ where n is the number of 
molecules per cubic centimeter, a the diameter, and m the mass of the 
molecules. The diameter of the acetylene molecule is not given in the 
literature, though some scant data are available on the viscosity, ^'ogel 
(17) gives 93.5 micropoises as the value at 0®C. The temperature varia¬ 
tion is not known, though for ethylene, which has an almost identical 
viscosity at 0®C., the variation with the temperature is given by tlie Suther¬ 
land constant of 226. Assuming the same value for acetylene, the molec¬ 
ular diameter at high temperatures evaluates to 3.64 X lO""® cm. The 
number of effective collisions will be times the total number of 

collisions, and since two molecules take part in collision the rate of dis- 

TABLE 5 


Ratio (tf observed to calculated velocity roustaiits 


REION j 

RATIO 

REFERSNCE 

C2H2 "f" ( 2^2 ... 

1:3 


(’JI4 + H, 

1:220 

(10) 

CsH. + CsIIi .... 

1:370 

(9) 

('4IIC + C4H, 

1:10,300 

(ir)) 

+ C’JI, . 

1 530 

(16) 


appearance of acetylene will be twice this product. At 788®K. and a 
concentration of 1 mole per liter this product is equal to 1.33 in liters per 
mole per second. The value of k determined by experiment when ex¬ 
pressed in these same units is 0.50. 

The ratio of the observed to the calculated velocity constants, 1:3, 
may be compared with similar ratios found in other association reactions. 
Vaughan (16) has recalculated many of the available data and summarized 
the results on a comparable basis. In table 5 are listed the known 
examples. 

The smallness of the ratio for acetylene is in harmony with the simplicity 
of the molecule, and though too much reliance may not legitimately be 
placed on the actual figure (the limits are probably 1 and 1:10) the position 
of the reaction in the series is significant. 

HYDROGENATION 

In the reactions with hydrogen measurements were made over the same 
temperature range, using different mixtures of acetylene and hydrogen. 
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Thus mixtures were made up which were approximately 1:1, 1:8, 1:16, 
and 1:24 acetylene to hydrogen, and each mixture was investigated over 
the whole temperature range and at partial pressures of the acetylene from 
about 20 to 70 mm. The observed end-point, that is, the ratio of the pres¬ 
sure decrease to the partial pressure of acetylene, varied with both tem¬ 
perature and composition, as is illustrated in table 6. 

To discuss these figures as well as the subsequent treatment necessitates 
a consideration of the possible reactions which might occur. In the first 
place polymerization of acetylene will be proceeding, accompanied by the 
decomposition mentioned earlier. Since under the experimental conditions 
the partial pressures of acetylene used are rather small, a larger proportion 
of decomposition might be suspected as compared with that in the previous 
work with acetylene alone. In this connection Bone and Coward (1) and 
Bring and Fairlee (11) claim that decomposition is favored relative to 
poljmierization by the i)resence of hydrogen. In the second place, hy- 

TABLE 0 


Variation in observed end-point with temperature and composition 


TKIIPEKATUKE 

MIXTURE 

CaHaHt 

ENl>-POINT 

TEMPERATURE , 

MIXTURE 

CaHa Ha 

END-POINT 

T. 






495 

1:1 

0.81 

515 

1:16 

1 93 

495 

1:8 

1 24 

515 

1:24 

2 28 

495 

1:16 

1.60 

535 

1:8 

1 51 

495 

1:24 

1 98 

535 

1:16 

2 15 

515 

1:8 

1 32 

535 

1:24 

2 51 


drogenation of acetylene to ethylene should occur. The reaction is re¬ 
versible, but the equilibrium constant at the temperatures in this study is 
of the order of 10^ (5) and the reverse reaction may thus be neglected. 
Hydrogenation of ethylene to ethane might be expected, as well as the 
possible hydrogenation of the acetylene polymers. It would seem neces¬ 
sary to invoke all of these to account for the observed end-points. How¬ 
ever, a study of the individual rates of pressure change showed there was a 
very gradual approach to the end-point, a pressure decrease approximately 
equal to the initial acetylene pressure occurring relatively rapidly, fol¬ 
lowed by a considerably slower decrease for many hours and even days 
before any semblance of an end-point was eventually reached. It is 
probable that the major reactions occurring in this early stage involve 
acetylene polymerization, decomposition, and hydrogenation almost ex¬ 
clusively, and since little is known of the decomposition it can only be 
grouped with the hydrogenation and allowance made for the known 
polymerization. The relative occurrence of these two tendencies may be 
roughly estimated. 
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Assuming, in anticipation of later results, that the hydrogenation is 
bimolecular, the rate of disappearance of acetylene will be given by 

- + A2lC2H2][Hj] 

and the observiid pressure change by 


dP 

d^‘ 


^iiPC2H2 + 2A*2Pc2ni.PH2 


With mixtures high in hydrogen content it is apparent that the second 
term on the right will contribute predominatijigly to the rate. Calculations, 
using as low a ratio as 1:10 for acetylene to hydrogen and arbitrary values 
of ki/k^i show th(i relative insignificance of the polymerization. The value 
of h/k^ actually found is about 5, and it is legitimate tlierefore to neglect 
the polyriKTizatioii at higher hydrogen ratios in order to approximate the 
value for k^t for a more (‘xact evaluation at the lower ratios. The method 
is virtually om^ of successive approximations. Thus, assuming only hy¬ 
drogenation to ethylene to occur early in the reaction, for acetylene to 
hydrogen ratios of 1:32 or 1:24, th(‘ one-tenth or one-quarter lives will be 
the times necessary for the pn^ssun* to decrease by one-tenth or one- 
quarter of the initial pressure. Calculating an approximate velocity con¬ 
stant from these values gives a value of 5.0 for the 1:24 mixture and 5.5 
for the 1:32 mixture for the ratio of the rates of polynuTization and hydro¬ 
genation for the sarm^ acetylene pressure at temperatures from 495°C. to 
535°(^ Using this latter value and assuming the major reactions to be 

4(’2H2 (C^2H2)4 

(\,H2+H2->(W4 

the times taken for one-tenth of the acetylene to be hydrogenated for the 
various mixtures used may be evaluated. Thus for the 1:32 mixture the 
one-tenth life will be the time for the pressure to decrease an amount equal 
to 0.110 of the initial pressure, and similarly for other acetylene to hydrogen 
ratios. The times so found at one temperature as typical of the other 
temperatures are given in table 7, together with the velocity constants 
calculated from them by the usual bimolecular equation. 

There can be no doubt that the previous assumption of bimolecularity 
is completely justified. Since, however, account has only been taken of the 
acetylene polymerization which is occurring simultaneously with the hy¬ 
drogenation, and no account was taken in the above of the acetylene de¬ 
composition, more reliable estimates of the velocity constants of the hy¬ 
drogenation would be obtained from data taken as early in the reaction as 
possible. To this end a procedure similar to that used for the polymeriza¬ 
tion was adopted, involving an extrapolation to zero time of the observed 
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TABLE 7 
Velocity constants 
Temperature, 515°C. 


INITIAL CaH) 
PRESSURE 

'1/10 

k 

‘1/4 

k 

'1/2 

k 

CiHi Ah « 1:24 

mm. 







27 

3.78 

0.00047 

14 1 

0.00040 

31 

0 00044 

28 2 

40 

0 (K)043 

14 3 

0 00038 

34 

0 00039 



= 1: 

16 



27.2 

5 5 

0.00049 

19.5 

0 00043 

53 

0.00039 

37 9 

5 1 

0.00038 

17 0 

0.00036 

39 

0.00038 

39.3 

4 4 

0 00043 

15 5 

0.00038 

37 

0 00038 

CsH*:H8 = 1:8 

29.7 

12 0 

0 00040 

35 5 

0 00040 

93 

0 00037 

41.9 

9 5 

0 00040 

28.0 

0.00039 

73 

0 00037 

60 4 

6 2 

0 00042 

17 5 

0 00044 



665. 

5 8 

0 00041 

16 5 

0 00042 

45 5 

0 00037 


TEMFKRATTTRK 


•c. 

495 

505 

515 

525 

535 


TABLE 8 


A hydroffouatioa 


E 


0.00019 
0 00028 
0.00039 
0 00055 
0 00076 


43540 

40410 

43010 

41470 


rate of pressure change and calculation from this value of the velocity con¬ 
stant. Thus 




Since h/kt is approximately 6.5 


ki = 


-dP/dt 


5.5pQHa + 2pc,H»PH» 


In this way the probability that the values of ks are vitiated by the occur¬ 
rence of acetylene decomposition is reduced as far as would seem possible. 
The constants so obtained are presented in summary in table 8 for the 
five temperatures studied. The energies of activation for the succeeding 
temperature intervals are also included and give an average value of 42,000 
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calories. This value may be compared with that calculated by Sherman 
and Eyring (13) on the basis of quantum mechanics, namely 46,400 
calories. This discrepancy is not unexpected in that the calculated value 
relates to 0®K. and depends on the choice of 10 per cent for the coulom- 
bic energy. Furthermore the value found is very close to that obtained 
by Pease for ethylene hydrogenation, 43,200 calories. 

The comparison between the observed velocity constant at a particular 
temperature and tliat calculated on the basis of collision theory may 
again be made as in the previous case. Taking the total number of col¬ 
lisions occurring per cubic centimeter per second between unlike molecules 
as 2N\N2(3^\2 \/27rfcT(mi+m2)/mi?n2, where N\ and N 2 are the numbers of 
molecules per cubic centimeter of acetylene and hydrogen respectively, of 
masses m\ and m 2 , (tu is the mean of their two diameters, so with 
3.6 X 10~* cm. as the diameter of acetylene and 1 X 10~® cm. for hydro¬ 
gen, using 42,000 calories as the energy of activation, it is calculated for the 
temperature 788°K. that the velocity constant should be 0.724 liter mole“^ 
sec.^^ The observed value in these same units is 0.252, whence the ratio 
is again found to b(* approximately 1:3, also in harmony with the values 
for other redactions previously quoted in view of the simplicity of the 
molecules partaking in the reaction. 

SUMMARY 

Th<i homogeneous thermal polj’inerization of acetylene and its hydro¬ 
genation have been investigated in the temperature range 495°C. to 535°C. 
The priru^ipal processes are interpreted as bimolecular with energies of 
activation of 40,500 and 42,000 calories, respectively. The efficiency of 
the association is high, in that the ratio of the observed rates to those cal¬ 
culated on the basis of acti\'atcd collisions is 1:3 in both cases. 
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In earlier papers by one of the present authors and his collaborators (8, 
9, 10), the viscosities, melting points, and electrical conductance of mix¬ 
tures of pyridine and acetic acid have been reported. The object of these 
investigations was to determine the number and kind of complexes existing 
in this system. Of the methods of investigation used so far, all indicate 
the existence of a complex with a composition between 80 and 85 mole 
per cent acetic acid. The melting point-composition diagram shows some 
evidence of the existence of a vsecond complex with a composition of 50 
mole per cent acetic acid. This report deals with an extension of the work 
to include boiling point data for the system. 

The presence of a stable complex should decrease the vapor pressure of a 
given mixture, at constant temperature, below the vapor pressure of the 
mixture if it were ideal or even only approximately so. This vapor pres¬ 
sure lowering should be most pronounced when the largest amount of the 
complex is present. This condition would manifest itself by the formation 
of a maximum boiling point mixture. Highly unstable complexes would 
probably have little or no effect in the production of a maximum boiling 
point, since such complexes would be very largely dissociated at the high 
temperatures at w^hich the mixtures boil. It is also possible, in case the 
system does show a maximum boiling point, that the composition of the 
mixture having such maximum boiling point may change with pressure, 
owing to the variation in the extent of dissociation with the different 
boiling temperatures corresponding to the different pressures. 

Gardner (5) concluded, from boiling point measurements on this system, 
that a compound of the composition 2C6H6N-3CH3COOH was formed. 
He reports that a large part of this mixture distills at an approximately 
constant temperature of 139-140°C., with constant composition. Andr4 
(1,2), on the basis of boiling point measurements, reports a complex of the 
same composition. In the present paper, we have redetermined the boil¬ 
ing point-composition relations for the system, and have investigated 
the effect of pressure changes on the composition of the mixture showing 
the maximum boiling point. 
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MATERIALS 

The p 3 rridine and acetic acid used in these measurements were purified in 
the maimer described in an earlier paper (9). 

APPARATUS 

The boiling point apparatus described by Nelson (6) was modified 
slightly and used for the boiling point measurements. A special glass dis¬ 
tillation apparatus was built and used to obtain the composition and boil¬ 
ing point of the maximum boiling mixture at different pressures. 

TABLE 1 


Boiling points of pyridine-acetic acid mixtures 


BOILING TEMPBRATUltE AT 

760 MM. PREHSUBB 

COMPOSITION OF RESIDE E 
MOLE PER CENT ACID 

COMPOSITION OF DISTILLATE 
MOLE PER CENT ACID 

•c. 



117.85 

100 0 

100.0 

122.30 

92,3 

99.2 

126 80 

86.7 , 

97.0 

130 15 

81.4 1 

92 0 

134 00 

74 4 

86 1 

136.95 

66 8 

76 0 

137.25 

65 1 

72 2 

138.05 

62.0 

66.5 

138.40 

57.6 

57 3 

138 35 

56.2 

54 4 

138.00 

53 7 

47.0 

137.20 

49 3 

37 6 

135.05 

43 0 

26.8 

130.70 

32 2 

14 0 

125.5 

23.4 

6.2 

120 55 

13 8 

2.5 

115.00 

0 0 

0 0 


Pressures were measured to 1 mm. mercury by means of a mercury 
manometer. 

All thermometers used were carefully checked against thermometers 
calibrated by the Bureau of Standards. 

METHOD 

All solutions were made up by weight, and compositions are expressed in 
mole per cent acetic acid, accurate to 0.001 per cent. 

The boiler and receiver of the Nelson apparatus (6) were filled with the 
same mixture and distillation then carried out (at 760 mm.) until equilib¬ 
rium was established between the liquid in the two containers. Con¬ 
stancy of boiling point at 760 mm. pressure was taken as sufficient evidence 
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that the equilibrium condition had been reached. About three hours 
were required for the attainment of equilibrium. The boiling tempera¬ 
tures v^ere read to 0.05°C. When the equilibrium temperature was 
reached, samples the of residue and distillate w^ere removed from the 
apparatus and analyzed. This procedure was repeated for mixtures over 
the entire range of composition, except for mixtures in the immediate 
vicinity of the maximum boiling point mixture (see table 1). 

The boiling point and composition of the maximum boiling point mix¬ 
ture could not be obtained with the Nelson apparatus except by accident. 
A large volume of mixture of the approximate maximum boiling point 
composition was placed in the special all-glass still and the mixture boiled, 
at constant pressure (760 mm.), until a constant boiling point was reached. 
Samples of residue and distillate were taken as before (see table 2). 

TABLE 2 


Maximum boiling point mixtures of pyridine and acetic acid 


FRESsrilE 

BOILING POINT 

rOMPOhlTION, MOr.E PER CENT 

ACETIC ACT1> 

Initial 

Pinal 

Initial 

Final 

inrn llg 





760 

138 25 

138 40 

59 4 

58 4 

760 

138 20 

138 35 

55 0 

58 4 

760 

125 00 

138 35 

89 0 

58 4 

800 

139 85 

140 05 

59 4 

58 4 

570 

12!) 4!) 

129 55 

59 4 

58 9 

380 

117 50 

117 55 

59 4 

59 5 

m 

M 50 

99 55 

59 4 

60 2 

120 

87 10 

1 87 15 j 

1 j 

59 4 

60 8 


After the composition of the maximum boiling point mixture had been 
determined, the procedure was repeated at pressures of 800, 570, 380, 190, 
and 120 mm. of mercury. 

The residue and distillate samples were analyzed by measuring their 
densities and comparing these values with the measured values of the densi¬ 
ties of mixtures shown in table 3 and figure 3. 

EXPERIMENTAL RESULTS 

Figure 1 shows the pyridine-acetic acid system to exhibit a maximum 
boiling point of 138.35 db 0.05°C. at 58.4 mole per cent acetic acid, under 
a pressure of 760 mm. The maximum boiling mixture contains slightly 
less acetic acid than the composition reported by Gardner (5) and Andr6 
(1, 2). The maximum boiling temperature is also slightly less than the 
value reported by these wwkers. Figure 2 shows the manner in w hich the 
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composition of the maximum boiling mixture changes with changes in 
pressure. At pressures less than 760 mm. the composition of the maximum 

TABLE 3 


Densities of pyridine-acetic acid mixtures at S$»S8^C, 


ACKTIC ACID 

MOLE PBB CENT 

DENSITY 

ACETIC ACID 

MOLE PEK CENT 

DENSITY 

0.000 

0.9720 

77.722 

1.0640 

6.345 

0.9769 

78.698 

1.0652 

12.566 

0.9818 

79.734 

1.0664 

18 529 

0 9870 

80.771 

1 0676 

24.359 

0.9923 

81 543 

1.0684 

29.943 

0.9976 

82 221 


35.225 

1.0032 

82 669 


40.268 

1,0089 

83.720 


45.440 

1 0149 

84.773 

1 0704 

50.004 

1.0209 

85 234 

1.0707 

54.890 

1 0273 

85 894 

1.0711 

59.594 

1 0345 

86.470 

1 0711 

63.927 

1.0415 

86 790 


68,202 


88 568 

1 0700 

72.438 


90.710 


74,790 

1 0595 

94.834 

1.0583 

76.256 


100.00 I 

1,0380 




■ 
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Fig. 1. Boiling Point Curve for Ptridinb and Acetic Acid Mixtures 
Fig. 2, Maximum Boiling Point Mixtures op Pyridine and Acetic Acid 


boiling mixture shifts slightly in the direction of higher acetic acid content, 
approximating a mixture of 3 moles of acetic acid and 2 moles of pyridine 
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at a pressure of 120 mm. This variation in composition of the maximum 
boiling mixture with changes in pressure precludes the existence of any 
very stable complex at this point. 



noit (IM Act TIT AttD 

Fig, 3. Densities for Pyridine and Acetic Acid Mixtures at 32.38°C. 


TABLE 4 


Camplcxcs in the nystem pyridine-acetic acid 


C'OlfPLKX 

METHOD OP IDENTIPICATION 

INVESTIGATOR 

1. Formula not given. 

Near 80 mole per cent 
acetic acid 

Electrical conductance 

Trifonov and Cherbov (12) 

2. 3C6H6N rC:H 3 COOH (r 
unknown) 

Electrical conductance 

Sackhanov (7) 

3. 2C3H,N .3CH3(WH 

Boiling point 

Boiling point 

Boiling point 

Andr6 (1, 2) 

Gardner (5) 

Swearingen and Ross 

4, C5H5N rCH8COOH (r 
equals 4 or 5) 

Viscosity 

i 

Electrical conductance 
Fusion point 

Tsakalotoes (11); Faust 
(4); Dunstan (3); Swear¬ 
ingen and Heck (8) 
Swearingen and Ross (10) 
Swearingen and Ross (9) 

5. CiHaN CHsCOOH 

Fusion point 

Swearingen and Ross (9) 


Table 4 facilitates a comparison of the complexes previously reported 
in the literature and those obtained in the current investigation. 

The melting point-composition data, without doubt, furnish the most 
reliable basis for speculation and comment. These data point quite con¬ 
clusively to the existence of the simple pyridonium acetate. While the 
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flatness of the melting point-composition curve at the dystectic point 
indicates considerable dissociation of this complex, even at its melting 
point, there is yet the possibility that a sufficient amount of the complex 
persists, even at 138.35®C., to account for the maximum boiling point. 

The second complex, indicated by the melting point-composition curve, 
has a composition between 80 and 85 mole per cent acetic acid, probably 
either at 80 or 83.3, since these compositions correspond to complexes 
C6H6N.4CH,C00H and CsHjN• 5CHjCOOH, respectively. This com¬ 
plex is highly unstable, as shown by its incongruent melting point and high 
electrical conductivity in this region. The presence of this unstable com¬ 
plex is in no way revealed on the boiling point-composition diagram. 

Thus, the boiling point data would seem to indicate dissociation of this 
complex into CHsCOOH and CsHbN • CHsCOOH molecules, while the 
conductance maximum would indicate dissociation into ions. 

On the basis of all of the experimental evidence available, the behavior 
of this system might be formulated in the following equation: 


2CbHbN 4- 2rCH,COOH 

T i 

2(CbHbN CH 3 COOH) + (2r - 2)CH,COOH 
2C5H6N-(2r - 8)CH8COOH + sCHjCOOH 

I t 

2(C6H6N-rCH,COOH) 

i 

X+ + Y- 


(Indicated by freezing points) 

(Indicated by boiling points) 

(Indicated by conductance and 
viscosity) 


where r equals 4 or 5, s equals 5 or 7 respectively, and X and Y are con¬ 
ducting ions. 


SUMMARY 

The boiling point-composition relations for pyridine and acetic acid 
mixtures have been determined over the entire range of composition. 

A maximum boiling point mixture containing 68.4 mole per cent acetic 
acid was found to boil at 138.35®C., under a pressure of 760 mm. 

No complexes indicated by viscosity, melting point, or conductance 
measurements are indicated on the boiling point-composition curve. 

Data are presented to show that the composition of the maximum boiling 
mixture is influenced by pressure. 

The densities of mixtures of p 3 Tidine and acetic acid have been deter¬ 
mined at 32.38®C. 

A r4sum4 of all complexes reported for this system have been included. 
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INTRODUCTION 

The effect of dialysis and aging on particle size and constitution of col¬ 
loidal ferric oxide sols prepared by a condensation method has been in¬ 
vestigated by Nichols, Kraemer, and Bailey (4), who found that during 
aging the particle size distribution shifts slightly toward larger sizes, the 
formation of secondary aggregates being more pronounced in concentrated 
sols. The age of the stock solution of ferric chloride was obscrvTd to 
affect the particle size of the resulting ferric oxide. The particles gradually 
decreased in siz(‘ with increasing age of the stock solution, and it was sug¬ 
gested tentatively that this was due to the formation of more and more 
nuclei therein. 

Condensation iiu'thods for th(‘ preparation of colloidal suspensions de¬ 
pend upon creation of a supersaturation of the condensable phase, together 
with some starting points or nuclei to serve as centers for growth. The 
number of particles produced and the degree of dispersity depends upon 
the number of these starting points or centers. Further, the distribution 
of size of the condensed particles depends upon the rate of migration of 
material to the centers, taking into account the amount of dissolved ma¬ 
terial and the numb(‘r of condensing centers. Nuclei are often produced 
by the condensation process itself, but in some cases artificial centers 
can be introduced. The rate at which the nuclei appear affects the dis¬ 
tribution of the size of the particles, since those introduced or formed first 
are supplied with more material for building particles than are those formed 
later, and will consequently become larger. If it w ere possible to introduce 
all of the centers at the beginning, before the condensation process sets in, 
and to avoid spontaneous production of centers, one might expect to get 
much more uniformly sized particles. In fact, such principles have been 
used in Zsigmondy^s nuclear method of preparing gold sols, with the result 
that fairly uniformly sized particles were obtained. 

The object of the present investigation was to determine the effect of 
age and concentration of ferric chloride solutions on the pH values, the 
mobility, and the number of colloidal particles. The selection of ferric 
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chloride systems for this work seemed desirable for two reasons: first, 
their property of spontaneous production of ultramicroscopically visible 
particles on standing at room temperature; and second, their frequent 
use in preparation of colloidal ferric oxide by high temperature hydrolysis. 


TABLE 1 

Measuremetda on ferric chloride solutions 


AOE 

NO. 07 PARTICLES 

PER CC. X 10'« 

MOBILITY 

m/sbc./v./cm. 

pH 

M/1000 ferric chloride 

0 hours 

0.4 

3.6 . 

3.02 

20 hours 

0.6 

3 1 

2 70 

2 days 

0 7 

3.0 

2.66 

7 days 

38. 

2 9 

2.62 

12 days 

86. 

2 7 

2 49 

21 days 

107. 

2 5 

2.56 

M/100 ferric chloride 

0 hours 

4 7 

4.2 

2 37 

20 hours 

168. 

3.7 

2.10 



3.6 

2.08 



3.6 

2.00 



3.0 

1.99 



2.8 

1.98 




1.96 

M/10 ferric chloride* 

0 hours 

6.0 

3.4 

1 80 

20 hours 

56, 

2.8 

1 61 

2 days 

59. 


1.65 

7 days 

69. 


1 64 

14 daysf 

93. 


1.63 

21 days 

405. 


1.58 


* Mobility measurements for this concentration could not be accurately made 
because of a drift in the liquid due to electrolysis of the ferric chloride solution, 
t Precipitation occurred. 


EXPERIMENTAL 

Ferric chloride solutions of three concentrations, M/1000, M/100, and 
M/10, were prepared, and immediately after preparation measurements of 
the number of particles (1), electrophoretic velocity (2), and pH (3) were 
made by methods previously described. Similar measurements were 
made at definite time intervals thereafter up to twenty-one days, the solu¬ 
tions being allowed to stand undisturbed at room temperature. The 
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results of these measurements for the above concentrations are given in 
table 1. 

Table 2 shows the results of measurements on ferric chloride solutions 
and the resulting high-temperature hydrolysis products. Solutions of 
itf/1000 and M/100 ferric chloride were prepared as before and similar 
measurements made. Then definite quantities of these solutions (50 cc. 
of M/100 and 100 cc. of M/1000), were dropped slowly into 950 cc. and 900 
cc. respectively of boiling water, following the usual method of preparing 
ferric oxide sols. Number of particles, migration velocity, and pH were 
then determined for these hydrolysis products. 


TABLE 2 


Measurements on ferric chloride solutions 


AdE 

NO. OF P^RTIPLEH 

PBIl CC. X 10 

MOBILITY 

m/sec./v./cm. 

pH 


Original | Product 

Original 

Product 

Original 

Product 


A//1000 solution 


0 hours 

0.04 

0 4 

3 0 

1 9 

3 02 

3 40 

20 hours 

0 06 

0 9 

2 9 

2 3 

2.70 

3 46 

2 days 

0 07 

1 0 

2 8 

1 8 

2 68 

3 47 

7 days 

2 2 

18 8 

3 0 

2 2 

2 63 

3 41 

14 days 

3 4 

37 7 

2 8 

2 4 

2 58 

3 34 

21 days 

10 1 

117 0 

2 5 


2 56 

3 30 


A//100 solution 


0 hours 

0.47 

118 

4.1 

3.2 

2.36 

2.84 

20 hours 

3.5 

85. 

3.6 

3.0 

2.12 

2 77 

2 days 

67 3 

1151 

3 1 

2 9 

2 09 

2 71 

7 days 

88 1 

1640. 

3 1 

2 8 

2 00 

2 60 

14 days 

107 3 

1992 

3 0 

2 7 

1 99 

2 56 

21 days 

118 4 

2302 

2 9 

2 7 

1 98 

2 50 


DISCUSSION 

As was previously mentioned the rate of growth of colloidal particles is 
determined by. the number of nuclei present and the degree of super¬ 
saturation of the system. In the system under consideration there are 
no nuclei present at the starting point, hence they must be produced by 
growth from the ferric chloride molecules in solution. The rate of nu¬ 
cleus formation is itself dependent upon the degree of supersaturation, so 
that ferric chloride solutions of different concentrations should exhibit 
initial growth stages of different lengths. When the particles have reached 
the minimum size necessary for nuclear action, i.e., when the initial growth 
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stage is over, the particle growth is governed by the concentration of dis¬ 
solved matter. If this concentration is sufficiently great a sudden appear¬ 
ance of particles will be evident. 

If a solution contains C gram-equivalents of ferric chloride per liter and 
the degree of hydrolysis is denoted by x, the following expression may be 
written* 


CFe<OH). = xC 

Ch+ = 3a:C (assuming complete dissociation) 

CFe+<-i- = a (l — x)C 

where a denotes the degree of dissociation of ferric chloride. Therefore, 

The amount of ferric hydroxide formed is then directly proportional to the 
concentration of hydrogen ions. If the amount of ferric hydroxide in 
colloidal form is assumed to be directly proportional to the amount of 
ferric hydroxide in true solution, a linear relation should exist between the 
hydrogen-ion concentration and the number of particles observed under the 
ultramicroscope.* In figure 1 these quantities are plotted for Af/10, 
M/lOO, and Af/1000 solutions. Apparently the linear relationship is 
valid for certain stages of the process. It will be observed, however, that 
the initial points are in each case off the curve. Speculation regarding the 
reason for this behavior must be reserved until more experimental data 
can be obtained. 

A consideration of the relationships between the age of the solution and 
the number of particles, graphically represented in figure 2, should lead 
to a more intimate understanding of the mechanism of particle formation. 
The abrupt changes in the courses of the curves indicate that the process 
may be considered as a summation of steps, rather than one step which 

^ Making the simplifying assumption that no basic chlorides are formed, 

* The observed number of particles may not exactly represent the amount of col¬ 
loidal material, since obviously a number of amicrons may be present. The reaction 
is of course very complicated, notably because basic chlorides of varying composition 
are formed. The basicity of the latter possibly changes with aging of the solution, 
and this is accompanied by changes in the hydrogen-ion concentration. The rate of 
the reaction is opposed by increased hydrogen-ion concentration, and is favored by 
adsorption (which removes hydrogen ions from solution) and factors which tend to 
increase the adsorbing surface, such as particle formation. It is apparent from the 
data, however, that a consideration of the simple hydrolytic equilibrium given above 
cuts across these secondary phenomena and establishes a relation between the rate 
of particle formation and the hydrogen-ion concentration. 
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might be represented by a continuous function. It is well known that 
precipitation proceeds slowly until the nuclei have reached a size sufficient 
to function as condensation centers. In this connection Nordenson (5), 
during conductivity studios on the formation of gold sols, observed a 
similar stepwise character in the course of particle formation. He con¬ 
cluded that after the original precipitation the gold molecules slowly con¬ 
dense to colloidal gold particles until a great number of particles have 
reached the minimum size of nuclear action. After the nuclear limit is 
reached the reduction process proceeds rapidly, depositing the rest of the gold 
on the gold nuclei formed during the growth period. Nordenson demon¬ 
strated that the nuclear growth period could be arrested at will by the addi¬ 
tion of colloidal gold particles, w hich then functioned as condensation nuclei 
causing a rapid particle grow^th. If it be assumed that a similar series of 
steps holds for the grow th of colloidal particles from ferric chloride solu¬ 




tions, then the different stages for Af/100 solution (figure 2) may be identi¬ 
fied thus: (1) A to B—a slow' nuclear growth stage; (2) B to C—a rapid 
condensation stage with large increase in the number of visible particles; 
(3) C to D—a slow^ growth stage similar to (1). Upon longer standing it 
might be expected that a fourth stage, similar to (2), w'ould occur. Al¬ 
though no such stage w^as observed for the relatively short periods used in 
this investigation, a year-old sample of 3//100 ferric chloride, originally 
clear, was found to have undergone marked precipitation, while still re¬ 
taining a large number of colloidal particles in the supernatant liquid. 

It is a well-knowm fact that normal growth processes follow^ an exponen¬ 
tial law^ Thus behavior affords a means of differentiating more rigidly 
between successive stages in the curves of figure 2. If y denotes the 
number of particles and t denotes the time (age), the law of exponential 
growth is given by 

y = 
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where yo represents the number of particles at the beginning of the growth 
stage and c is a constant. 

Taking logarithms, 

Ini' =cf 
Vo 

2.3031og y = ct + 2.3031og yo 

so that plotting log y against t should yield a straight line. This operation 
is carried out in figure 3. It will be observed that the linearity is quite good 




Fio. 5 


in all cases. The stepwise character of the process is clearly shown by the 
abrupt discontinuities in the curves. The fact that the number of particles 
in the Af/1000 solution is smaller than the number in either of the other 
two solutions at any stage appears reasonable, as does the fact that the 
stepwise character of the curve (figure 2) is less pronounced. However, 
the position of the curve for the Af/10 solution is anomalous. 

The graphical representation of the relation between age and pH of the 
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solutions is shown in figure 4. The relative positions of these curves for 
the different concentrations of solutions are quite normal, and the similar¬ 
ity of the curves is good. They are all typically logarithmic curves, the 
initial drop corresponding to a more rapid hydrolysis at the beginning of 
the process. 

An examination of the tables reveals that with increasing age of the ferric 
chloride solutions a gradual decrease occurs in the migration velocity of 
the particles. At the start, when few particles are present, adsorption of 
positive ions (Fe++'^ and H+) is great, resulting in a high particle velocity. 
As more particles form, ferric ions are constantly used up, making less 
available for adsorption. At the same time the concentration of the solu¬ 
tion gradually becomes less. With more particles and less available ions 
the charge on each particle is lowered, with a proportional drop in the mi¬ 
gration velocity. 

The results in table 2 show that the number of particles in the hydrolysis 
product of a ferric chloride solution is governed by the number of particles 
present in the original stock solution. This is shown graphically by the 
linear curve in figure 5, 


SUMMARY 

1. An investigation of the effect of age and concentration on some of the 
colloidal properties of ferric chloride solutions has been made. Ultra- 
microscopic methods were used to follow changes in particle number and 
particle velocity, while changes in pH were measured with a glass electrode. 

2. Spontaneous formation of nuclei was found to take place in all con¬ 
centrations of ferric chloride studied. The number of these nuclei present 
at the start was affected by the original concentration of the solution. 

3. As the solutions of ferric chloride aged the number of colloidal par¬ 
ticles increased in a stepwise manner. 

4. The hydrogen-ion concentration of the solutions increased as hydroly¬ 
sis proceeded. This increase when plotted against the increase in particle 
number gave an approximately linear relation. 

5. Aging of the ferric chloride solutions resulted in a lowering of the 
electrophoretic velocity. 

6. The number of particles in the ferric chloride solutions influenced the 
number of particles in the resulting high-temperature hydrolysis product. 

Rp]FERENCP:S 

(1) Ayres: Dissertation, Wisconsin, 1930. 

(2) Hazel and Ayres: J. Phys. Chem. 36,2930 (1931). 

(3) Hazel AND Sorum: J. Am. Chem. Soc. 63, 49 (1931). 

(4) Nichols, Kraemer, and Bailey: J. Phys. Chem. 36, 326, 505 (1932). 

(5) Nordenson: Dissertation, Upsala, 1914. 




THE INTERMEDIATE STAGES OF ALDEHYDE OXIDATION. I 


Thk Catalytic Action of Manganese Catalyst in the Various 
Stages of the Process of Acetaldehyde Oxidation 

M. J. KAGAN AND G, D. LUBARSKY 

Received August IS, 19S4 

In the autoxidation of acetaldehyde we are concerned with the reaction 
of the formation of peracetic acid. 

According to Bodenstein (2), the following chain mechanism takes 
place 


0 0 — 

II I 

CHjCH CHsCH 


( 1 ) 


0 - 


0 


CH,CH + Oj = CH 3 CH 0 

I \ / 

0 


o 


0 


0 — 


/ 


CHaCH 0 + CHaCH = CHaCH + CHaCOOH 


0 


( 2 ) 


(3) 


0 


Molecular oxygen adds to the active form of aldehyde (1), producing the 
active fonn of peracetic acid (2), in agreement with the theory of Bach (1) 
and Engler (4). The latter reacts with a normal molecule of acetaldehyde 
forming again an active aldehyde molecule and the 6nal product (3). The 
peracetic acid obtained can in turn oxidize aldehyde further, forming acetic 
acid. The process of oxidizing acetaldehyde by oxygen directly to acetic 
acid in the presence of a catalyst is widely used in industry. For the 
investigation of the mechanism of this proce.ss, the study of the kinetics of 
not only the first stage of the formation of peracetic acid is important, but 
also the second stage, the interaction of peracetic acid with acetaldehyde. 

We have made a special study of the second stage of this process (see the 
following article), and have found that the interaction between peracid and 
aldehyde proceeds also in two stages (a) and (b): (a) The addition of a 
molecule of aldehyde to the peracetic acid and the formation of an inter- 
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mediate product of a peroxide character. The activation energy of this 
bimolecular reaction is 7000 calories, and its rate is higher than that of the 
second stage, (b) The decomposition of the intermediate product with 
the formation of two molecules of acetic acid. The activation energy of 
this monomolecular reaction is 15,000 to 16,000 calories. 

The oxidation of acetaldehyde by oxygen to acetic acid at both low and 
room temperatures takes place at a slow rate, and in the absence of catalysts 
leads to the accumulation of peroxides. Hence it follows that the trans¬ 
formation of the peroxides to acetic acid proceeds naore slowly than their 
formation. Bodenstein determined the activation energy of the first stage 
of acetaldehyde oxidation—the chain reaction of peracetic acid formation 
in the gaseous phase at about 10,000 calories. 

In view of these facts we came to the conclusion that the study of the 
action of manganese catalyst, which is successfully applied for the oxida¬ 
tion of acetaldehyde to acetic acid, must follow the line of investigating the 
kinetics of the entire process of oxidation of acetaldehyde to acetic acid in 
the presence of a catalyst and of the influence of the catalyst on the kinetics 
of the separate stages of the process. 

I. THE OXIDATION OP ACETALDEHYDE TO ACETIC ACID USING A MANGANESE 

CATALYST, ELIMINATION OF THE INDUCTION PERIOD OF THE REACTION 

The experiments were carried out in the following manner: A known 
solution of acetaldehyde in acetic acid was sucked into a small vessel, 
provided with a stopcock and a small blank tube, where a small amount of 
the catalyst (a manganese salt) was placed. The vessel was previously 
evacuated and tared, and then connected by a piece of thin rubber tubing 
with a bomb of oxygen (2 liters), equipped with a manometer. Both the 
bomb and the reaction vessel were placed in a water thermostat. The 
vessel was then fastened to a vertical shaking machine (length of stroke, 5 
cm.), and shaken in the thermostat at a rate of about 500 strokes per 
minute. The particles of the catalyst were washed down at the first stroke, 
and this moment was fixed as the beginning of the experiment. As the 
reaction proceeded, fresh portions of oxygen were automatically sucked 
from the bomb into the vessel, owing to the decrease in pressure above the 
liquid in the vessel. In the experiments which were carried out at constant 
pressure, the readings were taken on a buret with an automatic clamp 
connected with a levelling vessel (figure 1). 

At the beginning of the experiment the stopcock in the right bend of the 
manometer (C) is closed. In proportion to the absorption of oxygen, the 
pressure of the system falls, making contact (K), and the electromagnet E 
weakens the clamp. Then a small amount of water runs from the buret 
(F) into the beaker (D), and the pressure in the system increases to the 
given level, after which the mercury in the left bend falls and the electro¬ 
magnet breaks contact. 
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In spite of the large number of experiments which were carried out, it 
was not possible to determine exactly the reaction velocity constants, 
owing to the turbulent character of the reaction which took place highly 
exothermically in a short time so that the vessel had no time to cool down 
to the temperature of the thermostat. This accounts for the qualitative 
character of the results obtained, which nevertheless are of fundamental 
interest. 

The commencement of the decrease of the oxygen pressure always coin¬ 
cided with the appearance of a dark brown coloration of the solution.^ In 
some experiments the coloration did not appear at all, and the reaction 
did not take place; in others it appeared some time after the beginning 



V, to vacuum pump 

FiCf. 2. The Oxidation of Acetaldehyde in Acetic Acid Solution 

I, catalyst Mii(i\Oa )2 at 25°(\, induction period 43 minutes; II, catalyst MnCNOOa 
at 25X'., induction period 73 minutes; III, catalyst (CH 8 COO) 3 Mn at 15°(\; IV, 
catalyst (CH 3 rOO) 3 Mn at 15T. in acetic acid and 10 per cent water solution, induc¬ 
tion period 62 minutes. 

of the shaking (3-75 minutes), and only after its appearance did tlie reac¬ 
tion and a sharp decrease of pressure in the system take place. Thus the 
added salts of bivalent manganese (acetate, nitrate*) do not appear to be 
catalysts. On the contrary the catalyst is formed in tlie aldehyde solution 
which is being oxidized, and only after its formation does the high reaction 
rate take place. The composition of the brown solution acting as catalyst 

> The formation of the brown solution had been observed by Baeyer and Williger 
when introducing manganese acetate into a solution of perbenzoic acid. 

* In a paper by M. J. Kagan and N. M. Morozov (6) it was shown that the activity 
of manganese nitrate as a catalyst of this process is 50 per cent greater than that of 
manganese acetate. 
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in this reaction was found to be an acetic acid salt of trivalent manganese. 
In the presence of this compound no induction period, which occurred in 
other experiments, was observed, as is shown by curves in figure 2, The 
accumulation of this compound evidently takes place during the induction 
period. 

It is obvious that anything causing the decomposition of manganic 
acetate, (CH 3 COO) 3 Mn, must tend to lengthen the induction period. 
Thus, it was shown that the presence of water causes an induction period. 
Water decomposes maganic acetate, giving a precipitate of manganese 
hydroperoxide. When about 10 per cent of water was added to the solvent 
(acetic acid), a prolonged induction period was produced, even in the case 
when manganic acetate was used as catalyst (see figure 2, curve IV). 

The oxidation of bivalent manganese to the trivalent form occurs under 
the action of peracetic acid, which is formed during the oxidation of acetal¬ 
dehyde by oxygen. An acetic acid solution of manganic acetate may be 
readily prepared by the action of peracetic acid on manganous acetate, the 
peracetic acid being decomposed very turbulently. This fact cannot but 
influence the mechanism of the oxidation process (see below). The prepa¬ 
ration of manganic acetate and its isolation in a pure state have been stated 
in detail by Christensen (3). 

II. INFLUENCE OF THE CATALYST ON SEPARATE STAGES OF THE PROCESS 

A, The influence of the catalyst on the rate of the interaction between peracetic 

acid and acetaldehyde 

The determinations of the velocity of the summary reaction 

CHsCOOOH + CH 3 CHO 2 CH 3 COOH 

with manganese catalyst are only of a qualitative character, owing to the 
poor reproducibility of the numerical values of the velocity constants in 
different experiments. However a sharp increase of the velocity with the 
addition of very small amounts of the catalyst has been positively de¬ 
termined (see figure 3). As shown above in the case of interaction between 
aldehyde and peracetic acid, the formation of the addition product is the 
faster, while the slower stage, limiting the reaction rates, is the decomposi¬ 
tion of the intermediate product into two molecules of acetic acid. By 
studying the kinetics of the decomposition of this product in the presence 
of the manganese catalyst, we were able to obtain more reproducible 
quantitative results (shown in table 1). The experiments were carried 
out in the following manner: The mixture of peracetic acid and aldehyde 
dissolved in toluene was left standing for several hours at a temperature of 
—30®C., as a result of which an addition product of a peroxide character 
was formed. For the quantitative determination of this product in the 
presence of peracetic acid see paper II. The kinetics of the decomposition 
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of this product at room temperature without a catalyst was studied. 
Then, at a definite moment, a solution of manganic acetate in chloroform 




MINUTES 

Fig. 3 Fio. 4 

Fig. 3. The C'atalyhih of Interaction between Per.\cetic Acid and 

Acetaldehyde 

Points A correa})ond to the moments of pouring of the catalyst, 6 X g. 

Fig. 4. C'atalytk’ Decomposition of the Addition Product (Peracetic Acid 
and Henzaldehyde) in Toluene Solution 
I, experiment No. 119 at II, experiment No. 120 at 20°r.; Ill, experiment 

No. 121 at 30®r. (high concentration). 


TABLE 1 

Decomposition of (he intermediate product (peroxide) obtained at —SO^C. in a 

toluene solution 


t - ^ 20“C. 

t « -1- lO'^C. 

Time from the 
bogmniiig in 
mmutes 

Moles per liter 

K (sec.'O 

Time from the 
beginning in 
minutes 

Moles per liter ^ 

K (sec.'U 

(a) Without catalyst 

(a) Without catalyst 

0 

0 4015 


0 

0 2840 


13 

0 3791 

7.37 X 10- ‘ 

21 

0.2711 

2.644 X 10-5 

73 

0 2895 

7.49 X 10“« 

51 

0 2597 

2.380 X 10-5 

123 

0 2334 

7.18 X 10“^ 

86 

0 2457 

2.641 X 10-5 


- 


116 

0 2351 

2.436 X 10-5 

(b) With catalyst (manganic acetate ~ 

- 




0.0008 g.) 


1 (b) With catalyst (manganic acetate «= 





u.uuuy g,) 


0 

0 2005 


--- 



4 

0 1504 

1.2 X 10-3 

0 

0.2130 


8 

0.1169 

1.05 X 10 - 3 

4 

0.2004 

2.545 X 10-‘ 

17 

0 06466 

1.1 X 10-» 

10 

0.1830 

2.825 X 10-* 




22 

0 1548 

2.325 X 10-^ 


was introduced. The reaction rate was estimated by the disappearance 
of the peroxide, the content of the latter being determined iodometrically. 
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These data show a considerable increase in the reaction rate of this 
stage under the influence of the catalyst, and we are able to state quite 
definitely the catalytic effect of manganic acetate on the rate of this very 
slow reaction. Thus we have reason to suppose that the part played by 
the catalyst consists in accelerating the rate of decomposition of the inter¬ 
mediate peroxide product with the resulting speeding up of the whole 
oxidation process. On the other hand, a still greater catalytic effect is 
observed during the decomposition of the peracid, which points to the 
possibility of another mechanism of the catalysis. 

The decomposition of peracetic add under the action of manganous acetate 

The study of the decomposition of peracetic acid in the presence of a 
manganese salt is of some interest in explaining the partial formation of 
carbon dioxide in the industrial oxidation of acetaldehyde. Moreover, as 
was pointed out, it may considerably influence our conception of the 

TABLE 2 


Decomposition of peracetic acid 


NO. OF EXPERIMENT 

GAR CONTENT 

COj 

CO 


per cent 

per cent 

3 

87.4 

11.8 

4 

88 9 

11 1 

5 

88.3 

11.1 

7 

93.0 

7 0 


mechanism of the oxidizing action of peracetic acid. The decomposition 
was carried out at room temperature in acetic acid and water solutions in 
a small vessel of about 10-cc. capacity with a stopcock, connected by a 
piece of rubber tubing with a Hempel buret. A definite amount of the 
peracid solution was poured into the vessel, while manganese acetate 
particles were placed in the closed side-arm tube. 

On shaking the vessel the particles of catalyst dropped into the solution, 
whereupon the evolution of gas began and the liquid became strongly 
heated. The gas was collected in the Hempel buret and afterwards 
analyzed for carbon dioxide, oxygen, and carbon monoxide. The results 
of the peracid decomposition in an acetic acid solution are very interesting. 
The gas evolved during the decomposition contained no oxygen, being 
composed chiefly of carbon dioxide and carbon monoxide, with a small 
percentage of hydrocarbons. The data given in table 2 are characteristic 
of such a process of decomposition. Immediately after coming into con¬ 
tact with manganous acetate, the solution acquired a dark brown color, 
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due to the formation of manganic acetate. On diluting this solution with 
water, a brown-colored residue of manganese hydroperoxide is instantly 
formed. 

A quite different process of peracetic acid decomposition was observed in 
a water solution; the process took place smoothly, slowly, and without 
any perceptible heating. When small quantities of manganous acetate 
were added, no manganese dioxide residue was formed, but the solution 
acquired the characteristic permanganate color. In case of an excess of 
manganous acetate the solution acquired an orange-red color, and after 
standing several hours or days (according to the quantity of manganous 
acetate) a precipitate formed. It must be noted that the decomposition 
of the pcracid in the presence of potassium permanganate solution also 
proceeds very slowly. The titration of the peracid solution decomposed in 
the presence of potassium permanganate was as follows: 0.2 cc. of pcracid 
solution = 4.5 cc. of thiosulfate solution (0.02 iV); on the following day = 
3.1 cc.; on the third day = 2.6 cc. The gas evolved during the reaction 


TABLE 3 

Decomposition of peracetic acid 


GA8 CONTEKT 

CO2 

CO 

0, 

per cent 

per cent 

per cent 

27 1 

15 6 

67 2 

30 8 

10.7 

58 4 

25 1 

113 

63.5 


under these conditions was composed chiefly of oxygen, i.e., it had quite a 
different composition from the gas evolved during the decomposition in the 
acetic acid solution (see table 3). Therefore, we may conclude that oxygen 
forms the initial decomposition product of the peracid decomposition, 
which during its slow evolution is able to combine into molecules of oxygen, 
whereas during a turbulent evolution it oxidizes the molecules of organic 
compounds to carbon dioxide and carbon monoxide: 

0 + 0 = O 2 H 2 O + CO 

/ 

CH 3 COOOH CHsCOOH + 0 

\ 

CHaCOOH + 30 = CO 2 + H 2 O + HCOOH 

These data are in agreement with Hatcher and Tool (5), who observed 
that peracetic acid is decomposed when heated, forming carbon dioxide, 
formic acid, and glycolic acid. 
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The determination of tlie kinetics of the decomposition of peracetic acid 
in an aqueous solution in the presence of manganous acetate showed that 
this process proceeds as a reaction of the first order and at a very slow rate, 
the decomposition beginning at the moment of the appearance of a pink 
hue of the solution (apparently due to the formation of permanganic acid). 
Comparison of the kinetic data obtained may be seen from table 4. 

The activation energy of this process is expressed by a value approximat¬ 
ing 12 kg-cal. 


TABLE 4 

Decomposition of peracid in aqueous solution in presence of manganous acetate 


(0.0048 g.) 

Experiment 88 

TIME PROM THE BEOINNINO IS 
MINT7TEfl 

MOLER PER LITER 

K (soc.-i) X 106 

t = +40°C. 

0 

0.3668 


19 

0 3241 

10 9 

85 

0,2273 

8 96 

98 

0.2116 

9 17 

138 

0.1673 

9 8 

t = +20*^0. 

0 

0.1217 


35 

0 1177 

1.61 

77 

0 nil 

2.28 

113 

0 1058 

2 20 


Observations analogous to ours were made by Milas (7) on investigating 
the decomposition of furo-peracid: 

0 

^ V. vy wxx ^ ^ C—OH + CO2 + polymer 

0 0 



Solid furo-peraeid was decomposed in a vacuum with th(‘ formation 
of a gas consisting only of carbon dioxide. In the residue was furo-acid 
and tarry polymer. In a weak solution of chloroform a monomolecular 
decomposition took place with the formation of oxygen and furo-acid. 
The energy of activation = 15,800 calories. 

In comparing the above experimental data in the first as well as in the 
second version, the great influence exerted by the catalyst is observed. 

In the first version, in the absence of the catalyst, we observe a high rate 
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for the reaction of the addition of aldehyde to peracid, and a low rate of 
the decomposition of the addition product into 2 molecules of acetii; acid. 
With manganese catalyst this slow process is accelerated about twenty 
times. It seems logical to infer that the action of the catalyst consists in 
the acceleration of the slowest stage, and that the scheme of the oxidation 
process remains the same whether it takes place in the presence or the 
absence of the catalyst, 

A + O 2 = P; A + P = AP; AP = 2S'^ 

However, according to the above kinetics data, the decomposition of per¬ 
acetic acid, using a manganese catalyst, proceeds with evolution of oxygen; 
only in the absence of aldehyde, which is the acceptor of oxygen, does the 
combustion of acetic acid take place. The decomposition of peracetic 
acid dissolved in glacial acetic acid occurs at an exceptionally high rate, 
and when aldehyde is present it may be oxidized very rapidly to acetic 
acid. It follows that the catalytic process may also proceed according to 
another scheme viz.: 

A + O 2 = P; P = S + 0; A + 0 = S 

We showed above the scheme of Bodenstein for the chain mechanism of 
aldehyde autoxidation. The property of peracetic acid of decomposition 
under the action of manganese catalyst cannot but influence the chain 
process. At the same time the generation of the oxygen atoms may lead to 
a mechanism of a type differing from that proposed by Bodenstein. 

The elimination of the induction period in presence of manganic acetate 
catalyst is of great interest. The induction period consists in the slowing 
down of the oxygen absorption, i.e., the delaying of the peracetic acid 
formation (which oxidizes Mn++ to Mn’^+“*‘). By introducing manganic 
acetate, the conditions are created for the reaction of the further transfor¬ 
mation (decomposition) of peracetic acid, at the same time eliminating 
the induction period. It is hoped to resume this problem later in case of 
other oxidation reactions. 


SUMMARY 

1. The oxidation of acetaldehyde by oxygen in an acetic acid solution in 
the presence of manganese salts proceeds vigorously after the formation of 
a dark brown catalytic product. 

2. In this process the catalytic product is trivalent manganese acetate 
obtained by action of peracetic acid on 

3. One of the causes of the induction period of the reaction is the pres¬ 
ence of water which decomposes the catalyst manganic acetate, forming 


* A » aldehyde; P * peracetic acid; S = acetic acid. 
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manganese hydroperoxide. In the absence of water the induction period 
is eliminated by the addition of a trivalent manganese salt as catalyst. 

4. The rdles of the manganese catalyst may be two: on one hand it 
hastens the decomposition of the intermediate peroxide (product of addi¬ 
tion of peracetic acid to aldehyde) leading to the formation of acetic acid; 
on the other hand it decomposes peracetic acid with the separation of active 
oxygen, which directly oxidizes aldehyde. 

5. The formation of carbon dioxide during the oxidation of acetaldehyde 
by oxygen is due to the partial decomposition of peracetic acid under action 
of trivalent manganese. The gaseous products of peracetic acid decompo¬ 
sition consist chiefly of carbon dioxide 90 per cent). The decomposi¬ 
tion in the acetic acid solution takes place very turbulently and 
exothermically. 

6. The decomposition of the peracid in the aqueous solution after the 
addition of manganese acetate takes place at a very slow rate. The 
gaseous decomposition products are chiefly oxygen ('^60 per cent). The 
decomposition process is a first-order reaction and requires an activation 
energy approximating 12,000 calories. 

7. Owing to the catalytic decomposition of peracid in the presence of 
aldehyde in the acetic acid solution no combustion product except acetic 
acid is formed, i.e., the oxygen atom oxidizes the aldehyde molecule. 
There seem to be good reasons for believing that such a scheme of the 
catalytic oxidation of aldehyde is very probable. 
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The study of the intermediate stages of aldehyde oxidation was limited 
chiefly to investigations of the first stage of oxidation, i.e., the formation 
of peracid from the aldehyde molecule and the oxygen molecule. The 
kinetics of the second stage of the process, the interaction between the 
peracid and aldehyde, 

RCOOOH + RCHO 2 RCOOH 
remained unstudied. 

In one of his recent papers Wicland (5) studie^d the process of interaction 
between the peracids and aldehyde. He came to the conclusion that in 
case of a reaction between peracetic acid and aldehyde, the reaction may 
be carried out with a marked velocity only in the presence of water, when 
aldehyde hydrate is formed. The latter is subsequently dehydrogenated 
by the oxygen of the jieracetic acid. 

0 OH OH 0 

/ / / / 

HaCC + H ,0 = HaCC-OH; HgCC—0 H + 0 = H 3 CC + H 2 O 

H H ^ H OH 

In the present paper, the kinetics of interaction between peracetic acid 
and aldehyde is studied. It was found that the formation of two molecules 
of acid from a molecule of aldehyde and a molecule of peracetic acid in¬ 
volves an intermediate reaction, viz., the formation of an addition product 
of the reacting molecules having a peroxide character, and that water 
catalytically accelerates the decomposition of this product. At the same 
time the kinetics of each intermediate stage was studied. 

I. EXPERIMENTAL PROCEDURE 

Acetaldehyde was obtained by the oxidation of alcohol by air on the 
surface of a copper catalyst. The pure aldehyde, redistilled several times 
and boiling at 20 . 5 °C., was sealed in tared thin-walled glass ampullae. 

847 
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The ampullae were weighed with the capillary glass tips sealed off; thus the 
weight of the aldehyde was determined to the fourth decimal. The sealed 
ampulla was used for the reaction during the same day; in this manner 
freshly distilled aldehyde was always used. The peracetic acid was ob¬ 
tained by action of concentrated hydrogen peroxide on acetic anhydride 
(3) in presence of a few drops of sulfuric acid. At the beginning the reac¬ 
tion proceeds very rapidly, therefore it is necessary to cool the acetic 
anhydride to 0®C, and then gradually to add the hydrogen peroxide drop 
by drop especially at the beginning. The hydrogen peroxide (Kahlbaum, 
27 per cent H 2 O 2 ) was first concentrated by distillation. The residue in 
the distilling flask was generally found to be 80 per cent hydrogen peroxide, 
which was used in preparing peracetic acid. Peracetic acid was carefully 
distilled in vacuum (10-15 mm.) at 24-25°C., the middle fraction being 
collected; in this manner a 50 per cent solution of peracetic acid in acetic 
acid was generally obtained, which contained almost no diacetyl peroxide. 
When kept in the dark at room temperature such a solution decomposes 
vx'ry slowly, so that even after several months the concentration changes 
very little. 

The glacial acetic acid (f. p., 16.4®C.) used as solvent was obtained by re¬ 
peated crystallization of a distilled commercial glacial acetic acid. The 
other solvents—benzene, chloroform, nitrobenzene, toluene—were obtained 
chemically pure from Kahlbaum. 

The investigation of the interaction between peracetic acid and aldehyde 
was carried out in a small closed cylindrical vessel about 120 mm. in height 
and 20 mm. in diameter. The vessel was placed into a thermostat, the 
temperature of which was regulated with an accuracy of 0.02®C. The 
small cross section of the reaction vessel facilitated the maintenance of a 
uniform temperature of the liquid. The vessel was filled with a definite 
amount of peracetic acid solution. 

In the reaction vessel was placed a sealed ampulla with acetaldehyde, 
which was broken at a given moment taken as the beginning of the rea(^tion. 
At the same time another vessel with a solution of peracid of the same 
concentration was placed in the thermostat and stability of the acid was 
periodically tested. The portions from the reaction and the test vessels 
were pipetted with a micropipet (generally 0.1 cc.) into a previously 
weighed beaker containing a 10 per cent solution of potassium iodide, and 
after weighing (which never exceeded three minutes) the iodine evolved 
was titrated with 0.02 N sodium thiosulfate solution (2). The small 
additional amount of iodine evolved in standing under action of an ad¬ 
mixture of diacctyl peroxide was generally the same for all portions, and 
was disregarded. 

When experimenting in neutral solutions (benzene, toluene, etc.) 2 cc. 
of 1 i\r sulfuric acid was added to the potassium iodide solution. The 
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concentration of acetaldehyde in the solution generally did not exceed 2-3 
per cent, which corresponds to a vapor pressure of 20-60 mm. in the tem¬ 
perature range used (10-30®C.). These results remained unchanged if the 
reaction was carried out in an atmosphere of nitrogen. The investigation 
was carried out under ordinary conditions in a closed vessel. 

TABLE 1 


Kinetics of interaction between acetaldehyde and the peracid in an acetic acid solution 
Experiment No. 65. Peracid, 3.377 per cent. Aldehyde/peracid - 2.12 


NO. OP PORTION 

TIME INTEHVAI. IN 

MOLES PER LITER 

K (mole'^cm *»ec.~») 

MINUTES 

Peracid 

1 Aldehyde 

t = 2SSX\ 

0 


0 4266 

0 9043 


1 

1 5 1 

0 3711 

0 8488 

1 77 

2 

30 

0 2649 

0 7426 

0 236 

3 

57 

0 1948 

0 6725 

0 127 

4 

54 

0 1507 

0.6284 

0 122 

5 

31 

0 1320 

0 6097 

0.115 

/ = 293‘’(^ 

0 


0 1235 

0 6006 


1 

21 

0 1071 

0 5848 

0 192 

2 

20 

0 09443 

0 5722 

0 181 

3 

20 

0 08247 

0 5612 

0 202 

4 

15 

0 07462 

0 5533 

0 200 


II. KINETICS OF THE INTERACTION OF PERACTIC ACID WITH ACETALDEHYDE 
IN NON-AQUEOUS SOLVENTS 

A . Reaction in acetic acid solutions 

The interaction between perac^etic acid and acetaldehyde was studied 
at a temperature of 10-30®C., the concentration of the solution of peracid 

and the ratio being varied from 0.5 to 3.3. 

peracid 

The results obtained can be described with a sufficient degree of accuracy 
by a second-order kinetic equation if we disregard the values obtained by 
calculation of the first portions taken two to ten minutes after the begin¬ 
ning of the reaction; as a rule these values are very high as compared with 
the following ones. We shall return to this point below. 

Some typical experiments in acetic acid solution are given in table 1. 

In table 2 the constants of the reaction rate in dependence on the tem¬ 
perature are given (the initial constants being disregarded). 
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The temperature effect is expressed by the Arrhenius equation (figure 1). 
The activation energy of the process is 15,400 =F 300 calories. 

B, Reaction in other non-aqueous solutions 

In order to determine the specific influence of the solvent on the reaction 
rate, a series of experiments was carried out using benzene, chloroform, and 
nitrobenzene solutions. Preliminary test experiments showed that in these 

TABLE 2 


Kinetics of interaction between acetaldehyde and peracid in an acetic acid solution 


t 

PER CENT OF PERAaD 

ALDEHYDE 

PERACID 

TIME OF EXPERIMENT 

K 

(mean) 

•c. 

10 

2.96 

1 8 


0.0754 

10 

3.45 

1 51 



15 

4.91 

1.35 



15 

3 38 

2.12 



20 

3.12 

2 2 

200 

0 196 

20 

3 38 

2.1 

76 

0 195 

25 

4.8 

1.45 

230 

0 290 

25 

4.77 

1.61 

300 

0.288 

30 

2.5 

2.43 

312 

0.475 


4 32 

1.39 

215 

0 483 



U) ZO 30 40 Sff 60 70 80 90 100 110 IZO IjO HO 
MlNUTtS 

Fig. 2 

Fig, 1. Values of ln K Plotted against 1/T 
I, solvent, acetic acid; II, solvent, nitrobenzene; III, solvent, chloroform; IV, 
solvent, benzene; V, solvent, water (92 per cent); VI, solvent, toluene. 

Fig. 2. The Reaction Velocity Constants as a Function op Time 
I, solvent, benzene at 20®C.; II, solvent, chloroform at 30°C. 


solvents the peracetic acid is quite stable, and is not sensibly decomposed 
after standing a considerable time. Table 3 shows some of the results 
obtained. (Initial constants are disregarded.) 

It will be noted from this table that the rate of the reaction in all the 
solvents is approximately equal, being lower than in the acetic acid solu¬ 
tion. Curves obtained by plotting In K against l/T are straight lines 
(figure 1). The activation energy calculated from these data is approxi- 







INTERMEDIATE STAGES OF ALDEHYDE OXIDATION. II 


851 


mately equal for this reaction in all solvents. Table 4 shows constants 
A and E of the Arrhenius equation, K = Ae for various solvents. 

It will be noted that in all non-aqueous solutions the velocity constants 
calculated from the data of the first portions (one to five minutes after 
commencement of th(' reaction) are always considerably higher than the 

TABLE 3 


Kinetics of interaction between acetaldehyde and peracid in various non-aqueous solvents 


t IN “C. 

PEllC'ENTAdE OP PEKAriD 

ALDEHYDE 

PERACID 

K (mole~i sec ^ cm ’) 

In benzene 

10 

2 67 

2 59 

0 0220 

15 

2 88 1 

2 48 

0 0349 

20 

2 71 

2 5 

0 0610 

In chloroform 

20 

1 73 

2 09 

0 0993 

30 

1.73 

2 09 

0 250 

In nitrobenzene 

20 

1.76 

3 09 

0 1054 

30 

1 76 

! 3 09 

0.266 

In toluene 

20 

2.58 

3 1 

0.0974 


TABLE 4 


The values of the constants of the Arrhernus equation for the reaction in various non- 

aqueous solvents 


SOI.VENT 

A 

E IN CALORIES PER 
URAM-MOLE 

Acetic acid... 

7 X 1010 

15,500 

Benzene. i 

8.5 X 1010 

16,260 

Chloroform. 

6 6 X 1010 

16,200 

Nitrobenzene. 

1.52 X 1011 

16,280 

Water. 

4 56 X 101* 

16,230 




following normal constants. When plotting the values of the velocity 
constants calculated according to the second-order equation, curves are 
obtained with a pronounced sharp inflection, after which the process goes 
on uniformly corresponding to the equation. 

This phenomenon suggested that the sharp inflection of the reaction 
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velocity curve may be attributed to the presence of an intermediate stage, 
the first stage being carried out at a high rate but within the limits of the 
equilibrium, which is gradually shifted as the second slower stage of this 
reaction. This may be expressed schematically as follows: 

A + B ;=» AB 2C 

(rapid stage) (slow stage) 

On this ground we might infer that if the temperature of the reaction is 
considerably lowered, the second stage will be slowed down in such a degree 
as to be almost imperceptible, while the rate of the first stage of the reaction 


TABLE 5 

Kinetics of interaction between aldehyde and pcracid in a toluene solution 


t IN •C. 

PERCENTAQS OF PERACID 

ALDEHYDE 

PERACID 

K (MOLB“1 CM * »Er.“1) 
(mean) 

-41 

3.14 

3 0 

0 132 

-51 

3.95 

2.79 

0.066 

-61 

3.44 

3 16 

0.031 


25 i 
25 
■ 15 
10 
05 
0 


10 20 30 40 50 60 70 80 90 100 110 120 130 HO 
MINUTES 



Fig. 4 


Fig. 3 

Fig. 3. Interaction between Pbbacid and Aldehyde in Toluene 
Fig. 4. Kinetics of Interaction between Valeraldbhyde and Peracetic Acid 


will remain slow but quite perceptible. The reaction being obviously 
exothermic, the equilibrium concentration of the intermediate product 
will increase with cooling. Experiments absolutely confirmed this con¬ 
clusion. 


C. Kinetics of the reaction at low temperatures 

The series of experiments at low temperatures was carried out in a 
toluene solution, the reaction vessel being immersed in a mixture of 
acetone and solid carbon dioxide in a Dewar flask. The temperature was 
held at db0.5®C. by means of the periodical addition of small bits of solid 
carbon dioxide. The test portions were taken out with a micropipet and 
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added to a solution of potassium iodide acidified with 1 N sulfuric acid. 
Table 5 characterizes the most typical experiments. 

Table 5 shows that the reaction rate at — 41°C. is higher than the 
normal rate (corresponding to an established constant) at +20®C., i.e., at a 
low temperature we have quite another process. Curves on figure 3 give 
a graphical illustration of these reactions. 

Plotting values of In K against l/T (figure 1) we obtain a straight line. 
The low activation energy, 7000 calories (notwithstanding the abnormally 
small value of the coefficient A of the Arrhenius equation, 5.2 X 10^), indi¬ 
cates the facility with which the process takes place. This is also shown 
by the high values of the velocity constants: the calculation of the velocity 
constants at 20°C. using the values at these low temperatures gives tlie 
value 3.1. Thus the presence of two stages in the interaction between 
peracid and aldehyde cannot be doubted. 

Z). The mechanism of the reaction and the method for the quantitative determi¬ 
nation of the intermediate stage 

The intermediate product which is here formed might be thought of as a 
direct addition product of a molecule of peracid to a molecule of aldehyde 
according to the scheme: 

0 ^0 0 

HsC—C + C—CH, HsC- C OH 

\ / \ I (a) 

OOH H 0—0—C—CHs 

I 

H 

forming a new peroxide compound, hydroxyethylacetyl peroxide. The 
peroxide intermediate product shown in scheme a slowly decomposes, 
forming 2 molecules of acetic acid 

0 

HjC—C OH 2CH,COOH 

\ I (b) 

0—0—C—CHs 

I 

H 

In the course of the process b, the equilibrium in a is shifted to the 
right, and thus the reaction rate in a is determined by the reaction rate of 
the second stage (b). 

The possibility of the formation of such a peroxide intermediate com¬ 
pound by the interaction of peracid with aldehyde was pointed out by 
Wieland (5). He was, however, not able to demonstrate by direct experi- 
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ments the formation of the addition product of peracetic acid with acetal* 
dehyde, and traced the disappearance of the peracetic acid only in the 
aqueous solution of aldehyde. Hence Wieland inferred that the oxidation 
of aldehyde by the peracid is due to dehydrogenation of aldehyde hydrate. 
Wieland and B. Wingler (6) obtained a compound like (a) by the action of 
hydrogen peroxide on acetaldehyde. Rieche (4) describes such a com¬ 
pound obtained by the action of ethyl-hydroperoxide on aldehyde: 


0 

H,C—C + HjOj 


OH 

H,C—C—OOH 

\ 

H 


OH 0 

/ \ 

HaC—C—O-OH + C—CH, 

\ / 


OH OH 


HsC--C—0—0—C—CH, 

\ i 


We found the means of using the iodine evolved in the rieutral potassium 
iodide solution (aqueous or methanol) for the determination of the whole 
amount of active oxygen contained in the peracetic acid and in the hydroxy- 
ethylacetyl peroxide. On the other hand, free peracetic acid may be 
determined in the acid solution of potassium iodide; under the action of the 
acid, the intermediate peroxide product is readily decomposed and the 
iodine evolved corresponds to the free peracetic acid only. Thus if the 
reaction is carried out at low temperatures and portions are introduced 
into a neutral potassium iodide solution, we arc able to state that the 
amount of active oxygen remains practically unchanged throughout the 
experiment, so that it may seem that no process takes place at all. But 
when the same portions are brought into an acid solution of potassium 
iodide a gradual decrease of the amount of iodine evolved may be ob¬ 
served, which corresponds to the expenditure of peracetic acid for the for¬ 
mation of the intermediate peroxide product according to equation a. 

The decomposition of the intermediate product according to equation b 
must be a monomolecular reaction, and this type of reaction is actually 
observed. 

The data in table 6 may serve as an illustration for the above. 

The experiments as well as other similar ones enable us to calculate the 
activation energy for the decomposition of the intermediate product. 
Thus, based on data of this experiment we find the latter to have a value 
of 18,800 calories, and from the data of another experiment 16,100. 
These values closely approach the values of the activation energy of the 
summary process of the reaction 


CHaCOOOH + CHaCHO 2CH8COOH 
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at 10-30®C. shown in table 4 and amounting on the average to 16,000 
calories. 

Quite analogous data were also obtained in a chloroform solution. We 
were able also to demonstrate analytically the formation of the inter¬ 
mediate peroxide compound by preparing a highly concentrated solution 
of this compound. Owing to the interaction between acetaldehyde and 
peracetic acid in a toluene solution at — 30°C., and the subsequent cooling 
of the solution down to — 4()°C., while crystals precipitated from the solu- 


TABLE 6 

Formation of the intermediate product 
t «= -40°C. 


TIME FROM THE BEQINNING IN 

PEKACETir AriD IN MOLES 

MINUTES 

Acid KI solution 

Neutral KI solution 

0 

0 001946 

0 001941 

10 

0 001305 

0 001937 

20 

0 000903 

0 001957 

35 1 

0 000601 

0 001907 

Decomposition of the intermediate product 

TIME PROM THE BKGINNINU IN 
MIN(TT£S 

INTERMEDIATE PRODUCT IN MOLEb 

K (sec -») X 10* 

t = +10‘'(I 

0 

0.001881 


20 

0 001821 

2 70 

46 

0 001748 

2.62 

81 

0 001653 

2.66 

i = +20'’C. 


0 

0.001204 


30 

0.001034 

8.43 

82 

0 000795 

8.42 

107 

0 000697 

8 38 


tion which could easily be separated from the mother liquor. These crys¬ 
tals readily melt at ~20®C., forming a transparent liquid with a peroxide 
concentration 4.5 times higher than that of the solution decanted from the 
crystals. 

Thus an addition product of acetaldehyde and peracid of a peroxide char¬ 
acter actually seems to exist. In this manner the proposed scheme of the 
mechanism of the process is fully supported kinetically and analytically. 
The proposed method enables us to study each stage of this process 
separately. 
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II. KINETICS OF INTERACTION BETWEEN PERACETIC ACID AND OTHER 

ALDEHYDES 

It was interesting to determine whether the proposed scheme holds for 
reactions with other aldehydes or whether the behavior of the acetalde¬ 
hyde is specific. 

For this purpose a series of preliminary experiments was started with 
Lsovaleraldehyde and peracetic acid. The kinetics of this reaction is 
quite analogous to that of the acetaldehyde reaction. 

The results obtained show the same characteristic features as the reac¬ 
tions with acetaldehyde, a sharp inflection of the reaction velocity curve 
near the beginning indicating the existence of an intermediate stage going 
on with a considerably high rate even at — SO'^C. Thus we have reason 
to infer that the proposed mechanism of interaction between peracetic acid 
and acetaldehyde is characteristic for all aliphatic aldehydes. 

The effect of water on the reaction rate between peracetic acid and 
acetaldehyde was also studied. We have found that the accelerating 
effect of water is connected with the acceleration of the second stage of this 
process, i.e., the decomposition of the intermediate peroxide. These 
experiments confirmed the proposed mechanism. Details of this work will 
be given in another paper. 


III. SUMMARY 

1. The kinetics of interaction between peracetic acid and acetaldehyde 
were studied in acetic acid, benzene, nitrobenzene, chloroform and toluene 
solution at temperatures varying between 10-30°C. The activation 
energy varied between 15,400 and 16,300 calories in various solvents. 

2. It was found that the reaction follows the second-order equation, but 
in the beginning there is a short period of high reaction velocity, due to the 
intermediate stage. 

3. A mechanism of the process is proposed according to which a peroxide 
compound (hydroxyethylacetyl peroxide) is formed as intermediate 
product. 

4. A method for the quantitative determination of the intermediate 
peroxide in presence of peracetic acid is given. 

5. Experiments were carried out with the purpose of obtaining (chiefly) 

the intermediate peroxide as a product of the reaction at temperatures 
between —40® and — 60®C. The activation energy of this reaction 
amounts to 7000 calories. The coefficient A of the Arrhenius equation K 
« has the abnormally low value of 5.2 X 10*^. 

6. A series of experiments was carried out in order to determine the 
kinetics of the monomolecular decomposition of the intermediate product. 

7. The mechanism proposed was extended to other aliphatic aldehydes 
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by testing its applicability to the interaction of peracetic acid with iso- 
valeraldehyde. 
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THE CHLORINATION OF PROPANE. I 
The Homogeneous Reaction^ 

SAMUEL YUSTER* and L. H. REYERSOX 
School of Chemistr'i/j University of Minnesota, Minneapolis, Minnesota 

Received November 24, 1934 

The chlorination of the paraffin hydrocarbons has been the subject of 
many investigations. Most of the chlorination studies have been con¬ 
cerned with methane and natural gas in the hope of obtaining important 
and useful products. The literature resulting from these investigations 
has been well summarized by Eglofif, Schaad, and Lowry (2). Much of 
the work to date has been qualitative in nature and there are many pat¬ 
ents which claim to be able to produce any one of the substitution prod¬ 
ucts by a variation in the conditions of the reaction. A good deal of 
study has also been devoted to the effect of different catalysts. 

Since the quantitative side of the chlorination problem has been largely 
neglected it was felt that such a study from the standpoint of kinetics w^as 
highly desirable. The results obtained would be of theoretical interest in 
addition to possible practical applications. The latter results would be of 
particular value in this country, where such large quantities of the low'er 
paraffin hydrocarbons are available. 

The following investigations give the results of quantitative studies on 
the chlorination of propane. The work w^as divided into studies on the 
homogeneous and the heterogeneous reaction. Propane was chosen as the 
chlorine acceptor because (1) it is the simplest hydrocarbon having a second¬ 
ary carbon atom, (2) it is the simplest paraffin hydrocarbon all of w hose 
chlorinated products arc liquids at room temperature, and (3) it is readily 
available in a state of high purity. 

APPARATUS AND MATERIALS 

The reacting gases were passed through purification trains, drying tubes, 
flowmeter, and mixing chambers before being admitted to the electrically 
heated reaction zone. The products wTre condensed in a trap placed in a 

^ The material here presented formed a part of thesis submitted to the Graduate 
Faculty of the University of Minnesota by Samuel Yuster in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy, March, 1934. 

2 Shevlin Fellow, 1931-32. 
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salt-ice bath. The unused chlorine and the hydrogen chloride formed 
were absorbed in a solution of potassium iodide and the unused propane 
was collected in a gasometer. A by-pass system absorbed the chlorine 
and hydrogen chloride during the time the system was reaching a steady 
state. 

Electrolytic chlorine was used throughout this investigation. It was 
found that chlorine from a fresh cylinder attacked the brass needle valve 
so that the rate of flow gradually decreased. The first chlorine was 
allowed to escape directly into a solution of sodium hydroxide for a short 
period of time. When this was done the rate of flow through the needle 
valve remained constant and no further trouble was experienced. Traces 
of water coming out with the first chlorine probably caused the difficulty. 

Propane of a high grade was obtained in cylinders for use in this work. 
The purification train removed the unsaturated gases as well as those of an 
acidic character. 

The Pyrex glass packing used in one of the runs was made by breaking 
scrap Pyrex and sieving. The 8 to 14 mesh fraction was used and cleaned 
with cleaning solution. It was washed with water, dried with alcohol and 
ether, and placed in the catalyst chamber. 

METHOD OF OPERATION 

At the beginning of a series of runs, the chamber was flamed while oxygen 
was slowly passed through it. The oxygen was then swept out with 
nitrogen. 

The temperature of the furnace w^as set by means of the lamp bank and 
the rate of flow of the gases adjusted by means of the flowmeters. During 
this adjusting period the gases were passed through the by-pass system. 

When a steady state had been reached, the necessary stopcock was 
turned so that the gases passed through the potassium iodide absorption 
train, where the unused chlorine and the hydrogen chloride formed were 
absorbed. The unused propane passed into a gas-collecting bottle, where 
it displaced an equal volume of water. 

The flowmeter readings, chamber temperature, room temperature, dura¬ 
tion of run, and the barometric pressure were recorded for a given run. 
The amount of water displaced by the unused propane was weighed and 
the volume of gas corrected to standard conditions. The potassium 
iodide solution was removed from the absorbers, and the iodine and hydro¬ 
chloric acid content determined respectively with standard thiosulfate 
and alkali. 


METHOD OF CALCULATION 

In a normal chlorination, one molecule of hydrogen chloride is formed 
for each chlorine molecule used regardless of the mechanism of chlorination. 
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(cc. of sodium thiosulfate) X normality factor X 11.2 = cc. of chlorine 
unused, (cc. of potassium hydroxide) X normality factor X 22.4 = 
cc. of chlorine used. The sum of these two quantities will give the total 
chlorine admitted into the system. This should agree with the setting of 
the chlorine flowmeter if the reaction is behaving in a normal manner. 
The amount of chlorine used divided by the total chlorine input multi¬ 
plied by 100 gives the per cent of chlorine used. 

DISCUSSION OF RESULTS 

Errors 

The greatest difficulty encountered in this research was met in duplicat¬ 
ing results. wSince the slightest trace of oxygen inhibited the reaction even 
though the rate of flow and temperature were carefully controlled, check 
results were difficult to obtain. Despite the fact that the walls were 
flamed at the beginning of each series, the first measurements had to be 
discardc'd becaust‘ of the extreme activity of the wall. After use, this 
catalytic effect reached a steady state and the results were more consistent. 

The reaction was also diminished by the adsorption of chlorinated 
propanes by the wall. These adsorbed products were further acted upon 
by chlorine, became less volatile, and thus decreased their possibilities of 
escape. The rate of the reaction progressh ely decreased until the whole 
surface was covered with these poisoning agents. In these experiments, it 
was found that this autopoisoning was greatest at the higher temperatures 
and high chlorine to propane ratios. 

In order to minimize these disturbing factors, the runs were made as 
rapidly as {)()ssible, but time was allowed for equilibrium to establish itself. 
The reactants were not allowed to remain in the reaction zone when the 
apparatus was not in use. They were sw^ept out with nitrogen. 

The rates of flow used in these series were 2,10, 20, and 50 liters of react¬ 
ants per hour. Since the volume of the reaction chamber was 100 ml., 
the space velocity, or the volume of gas passing through unit volume of the 
reaction zone in unit time, may be obtained by dividing the rate of flow' 
in milliliters per minute by 100. For example, taking 10 liters per hour 
as the rate of flow^: 

10 X 1000 
60 

Space velocity = -- == 1.66 

Then 1.66 of a volume of reactants pass through unit volume of reaction 
zone in one minute. Another way of stating it would be that on the aver¬ 
age (disregarding adsorption, diffusion, convection currents, etc.) a given 
molecule would be in the reaction zone 0.6 of a minute. 

Each rate of flow was divided into three series: runs in which the partial 
pressures of the reactants were equal, and runs in which the partial pres- 
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sure of one of the reactants was twice that of the other. A series of runs 
was also made when the chamber was rinsed with a saturated solution of 
potassium chloride in an attempt to determine the effect of the wall. 

Evidence from these experiments seemed to point to the fact that the so- 
called homogeneous gas phase chlorination of propane takes place by a 
chain mechanism. The reaction was inhibited by oxygen, an induction 
period was noticed when the reaction chamber walls were activated, ex¬ 
plosions took place which are explained on the basis of branching chains, 
and a packed chamber cut down the extent of chlorination because of the 
decrease in the number of links in the chain. 

The photochlorination of methane has been recently studied by Coehn 
and Cordes ( 1 ); they postulate a mechanism which is similar to that sug¬ 
gested in this problem. There are two possibilities to be considered, and 
the initial step in both cases would be the dissociation of a chlorine mole¬ 
cule into two chlorine atoms. 

CI 2 + heat Cl + Cl 

This might take place in the gas phase owing to collisions, or on the wall 
because of some type of activated adsorption. The relative importance 
of the two processes is undoubtedly a function of the conditions. 

The possible mechanisms for the chlorination of propane arc given by 
the following equations: 

Mechanism /. 

Cl + C 3 H 8 CsHtCI + H 
H + CI 2 HCl + Cl 

(a) Cl + CaHg C 3 H 7 CI -f. H etc. 

(b) Cl + C3H7CI CsHeCb + H etc. 

Mechanism 11. 

CjHg + Cl CsH 7 + HCl 

C 3 H 7 + CI 2 C 3 H 7 CI + Cl 

(a) Cl + CsHs C 8 H 7 + HCl etc. 

(b) C 3 H 7 CI + Cl CsHeCl -h HCl etc. 

Since no thermal data could be obtained on the chlorination of propane, 
the corresponding data given by Coehn and Cordes (1) on methane were 
used to decide on the most probable mechanism. 

Mechanism I. 

CH 4 + CI 2 C 4 H 8 CI + HCl + 22.000 cals. 

H + Cl HCl +100,000 cals. 

Cl + Cl CI 2 + 58,000 cals. 


CH 4 + Cl CHsCl + H 


— 20,000 cals. 



CHLORINATION OF PROPANE. I 


863 


Mechanism II. 

CH 4 -f* A CH 3 “j“ H —90,000 cals. 

H + Cl HCl + 100,000 cals. 


CH4 + Cl —> CH3 + HCl +10,000 cals. 

It may be seen, therefore, that mechanism 11 is the more probable from a 
thermal standpoint. In addition, the presence of free radicals is required 
to explain the evidence obtained for coupling reactions. Since mechanism 
I requires the formation of hydrogen atoms, it would be expected that some 
of these atoms would combine to form hydrogen molecules. To test this, 
the gases were condensed in a liquid air trap after passing through the 
reaction zone. All possible gases except hydrogen should be condensed. 
No hydrogen was detected. 

We shall, therefore, take as our most probable mechanism the following: 

(a) CI2 + heat Cl + Cl 
Cgllg + Cl C3H7 + HCl 

C3H7 + CI2 C3H7CI + Cl 
CsHs + Cl C3H7 + HCl 

C.,H7 + CI2 C3H7CI + Cl etc. 

(b) C3II7CI + Cl CsHeCl + HCl 
CaHeCl + CI2 C3H6CI2 + Cl etc. 

Chain-breaking reactions: 

Cl + Cl CI2 

C3H7 + Cl C.3H7CI 

CaHfiCl + Cl C3HRCI2 

C3II6CI2 + Cl CsHsCb etc. 

C3II7 + CsHeCl C3H13CI 
Active group + O2 —> Inactive group. 

All of the chain-breaking reactions require three body collisions in order 
to take place. The reactions are so exothermic that the resulting mole¬ 
cule will not exist as such unless some third body (either a third molecule 
or the wall) removes enough energy to leave a stable group. 

The complete picture is not given in the above equations, as the com¬ 
plete chlorination of propane (if possible) is an eight-stage process with an 
enormous number of combinations in the intermediate stages. The prob¬ 
ability of reaching the higher stages of chlorination drops off very rapidly, 
but undoubtedly they are reached to a small extent. 

Under some conditions, in the empty chamber runs, explosions took 
place with the deposition of carbon. This could not be explained on the 
basis of the reaction 


C 3 H 8 + 4 CI 2 3C + 8HC1 



864 


SAMUEL YU8TBB AND L. H. BBYEBSON 


as the probability of four chlorine molecules and one propane molecule 
colliding simultaneously is practically nil. We must therefore postulate 
a series of degradation reactions similar to that given by Coehn and Cordes 
(1) for the production of carbon in the chlorination of methane. 

CsHt + Cl C>H, + HCl 
CsH, + Cl C,Hs + HCl 
CsHs + Cl CsHi + HCl etc. 

In the case of propane there may be splitting of the C — C bond to give a 
more simple molecule. 

On the basis of the mechanism postulated for a one-stage process, calcu¬ 
lations were made to determine the theoretical rate of reaction. A cubic 

TABLE 1 

Empty chamber runs 


30 minutes duration. Total rate of flow 2 liters per hour. CsHgrCIj = 1:1 


TEMPERATURE 

C,Hi 

UNUSED 

Cl* 

ITNUSBD 

Cl* 

USED 

Cl* 

RUN IN 

PER CENT Cl* 
USED 

•c. 

160 

533 

502 

1 

503 

0 2 

171 

510 

443 

9 

452 

2.0 

189 

153 

441 

33 

474 

7.0 

202 

500 

453 

73 

526 

13.8 

210 

490 

386 

124 

510 

24 4 

220 

363 

303 

222 

525 

42 3 

235 

302 

135 

349 

484 

72.0 

246 

281 

58 i 

436 

494 

88 3 

249 

234 

32 1 

413 

445 

92.8 

260 

229 

16 j 

484 , 

500 

96 8 

283 

231 


495 

495 

100 0 


equation was obtained for the concentration of the chlorine atoms, which 
made the solution hopeless. It is believed that too many factors varied to 
make the results valid for comparison with theory. Since the wall can 
both initiate and break chains, it is to be expected that the adsorption of 
chlorinated propanes should complicate matters. The reaction is bimolec- 
ular, but what the order should be, considering all the stages, is unknown. 

Figure 1, typical data of which is given in tables 1,2, and 3, is a summary 
of the 2 liters per hour runs. Figure 2, a portion of which is shown in figure 
I, shows the difficulty encountered in checking results. The points in this 
graph, a typical series of which is given in table 3, tend to diverge more and 
more from the average as the temperature rises. This series involved the 
use of a high partial pressure of chlorine. Both high temperatures and 
high chlorine content in the reactants favor the formation of higher chlorin- 
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ated propanes. The poisoning of the wall under these conditions should 
also be greater. This was proved to be the case, since the chamber was 
found to be covered with a brownish substance after a series of runs. The 
curve in figure 2 represents one scries of runs beginning with a clean cham¬ 
ber at low temperatures, followed by successive temperature increments. 

TABLE 2 

Empty chamber ru7iH 


30 minutes duration. Total rate of flow 2 liters per hour. C 3 H 8 :Cla = 2:1 


TiUMPERATUKR 

CiH, 

UNUtlED 

Cl, 

UNUSED 

Ci, 

USED 

Cl, 

RUN IN 

PER CENT Cl, 
USED 


638 

264 

6 

270 

2.2 

166 1 

695 

310 

30 

340 

8 8 

182 

680 

278 

62 

340 

18 2 

190 

656 

254 

86 

340 

25 3 

194 

660 1 

226 

124 

350 

35 4 

208 

521 

111 

214 

325 

65 8 

217 

505 

61 

282 

343 

82 3 

230 

469 

25 

m 

338 

92 6 

251 

465 

6 

323 

329 

98 1 


TABLE 3 

Empty chamber runs 


30 minutes duration. Total rate of flow 2 liters per hour. CjH 8 :Cl 2 = 1:2 


TEMPERATURE 

C,H, 

UNUSED 

Cl, 

UNUSED 

Cl, 

USED 

Cl, 

RUN IN 

PER CENT Cl, 
USED 

•c. 

171 

345 

675 

2 

677 

0 3 

185 

368 

658 

11 

669 

1 6 

197 

352 

554 

35 

589 

5 9 

212 

280 

574 

107 

681 

15 7 

222 

231 

425 

215 

640 

33 6 

231 

163 

262 

415 

677 

61 3 

238 

173 

184 

505 

689 

73 2 

245 

126 

170 

415 

628 

72 9 

258 

140 

203 

451 

654 

69 0 

266 

141 

181 

457 

638 

71 6 

275 

97 

51 

596 

647 

92 1 


An apparent negative temperature coefficient of reaction was found at the 
higher temperatures, which is not in harmony with chlorination reactions. 
It was thought that the phenomenon might be caused by a new type of 
reaction, but the effect was later proved to be due to poisoning. Poison¬ 
ing at these higher temperatures was so rapid that there was apparently 
a negative temperature coefficient of reaction. After this poisoning 
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reached a steady state a normal curve was obtained, but this was shifted 
along the temperature axis. 

The ratio of chlorine to propane was varied in an attempt to determine 
the order of the reaction. It was realized that at least two effects would 
be involved in the determination of the extent of chlorination. The greater 
the partial pressure of chlorine in the reactants the more chlorine atoms 
are formed for the initiation of chains. However, a higher chlorine con¬ 
tent would tend to produce higher chlorinated products which act as poi¬ 
sons. Because of these two effects, it should be expected that the extent 
of chlorination when plotted against the partial pressure of chlorine would 
go through a maximum. The type of curves represented in figure 1 should 




Fig. 2 


Fig. 1. Summary of the Two Liters per Hour Runs 
(^urve 1, CaHsiCla = 1:1; curve II, CsHsiCL * 2:1; curve III, C 3 H 8 :Cl 2 = 1:2 


Fig. 2. Empty Chamber Runs, Showing Difficulty in Checking Results 
Rate of flow, two liters per hour; CsH 8 :Cl 2 = 1:2 


have the same relative position to one another no matter what the total 
rate of flow might be, providing the type of reaction taking place is not a 
function of the rate of passage of the reactants through the heated zone. 
A comparison of figures 1, 3, 4, and 5 shows that there was some change in 
the type of reaction with the rate of flow. This change was probably due 
to a change in the relative importance of chain initiation at the wall and in 
the gas phase. The complicating factor of explosions was introduced at 
the higher rates of flow. The decrease in reaction rate for an increase in 
the rate of flow, as shown by comparing figures 1 and 3, is to be expected. 

The large increase in rate of reaction in going from a 1:1 to a 1:2 ratio of 
propane to chlorine, using a total rate of flow of 2 liters per hour, does not 
compare very favorably with the corresponding result at 10 liters per hour, 
which only shows a small increase in rate. 





m CCNT CHLORNE USED 



lEflPCRATURE TErfERATURE 


Fig. 3 Fig. 4 

Fig. 3. Results Obtained in Empty Chamber Runs with Rate of Flow Ten 

Liters per Hour 
-G CsHgrCL - 1:1 
— 0 CzHs.CU “ 2:1 
A C3H8:Cl2 = 1:2 

Fig. 4, Results Obtained in Empty Chamber Runs with Rate op Flow Twenty 

Liters per Hour 

G C3H«:Cl2 = 1:1; □ C.,H8:Cl2 = 2:1; A 0,^8:012 = 1:2 



Fig. 5. Results Obtained in Empty Chamber Runs with Rate of Flow Fifty 

Liters per Hour 

G CsHgrCL = 1:1; A C3H8:Cl2 = 2:1; □ C3H8:Cl2 = 1:2; X C8H8:Cl2 « 1:2 
(Pyrex-packed chamber). 
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Pease (3) has shown that a solution of potassium chloride when placed on 
the walls of a reaction chamber will inhibit certain reactions initiated at the 
wall. Since the changing activity of the wall was especially troublesome 
in this reaction, it was thought desirable to test the effect of potassium 
chloride. The chamber was washed with a saturated solution of potassium 
chloride and then flamed. The reactions were carried out in the usual way. 
Comparing the results with the corresponding data from an untreated 

TABLE 4 

Empty chamber runs 


4 minutes duration. Total rate of flow 10 liters per hour. CsHs^Clj * 1:1 


TBlfPBRATURlS 

CaH, 

UNUt^ED 

Cl* 

UNUSED 

CI* 

USED 

Cl* 

HUN IN 

PER CENT Cl* 
USED 

•P- 

154 

311 

308 

1 

309 

0 1 

190 

344 

328 

5 

333 

1 5 

201 

344 

322 

11 

333 

3 3 

212 

334 

308 

24 

332 

7 2 

228 

319 

282 

56 

338 

16 5 

238 

305 

220 

131 

351 

37 4 

248 

247 

98 

238 

336 

70 8 

259 

191 

47 

266 

313 

84 9 

284 

154 

8 

321 

329 

97 6 


TABLE 5 

Empty chamber runs 


4 minutes duration. Total rate of flow 10 liters per hour. CsHgtCl* - 2:1 


TEMPERATURE 

CaHi 

UNUSED 

CI* 

UNUSED 

Cl* 

USED 

Cl* 

RUN IN 

PER CENT Cl* 
USED 

•c. 

169 

455 

219 

2 

221 

0.9 

190 

446 

208 

9 

217 

4 2 

211 

440 

179 

38 

217 

17.5 

236 

396 

97 

119 

216 

55.1 

250 

382 

50 

172 

222 

77.5 

272 

384 

16 

210 

226 

92.9 

294 

389 

6 

215 

221 

97.2 


chamber showed very little difference. In fact, the results might lead one 
to conclude that there was a very slight catalytic effect in the potassium 
chloride experiments. This was not very definite. 

Explosions 

Figures 3, 4, and 5 show the results obtained at higher rates of flow. It 
will be noted that runs involving high chlorine partial pressures are the 
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TABLE 6 

Empty chamber rune 


4 minutes duration. Total rate of flow 10 liters per hour. CsHs^Clt = 1:2 


TEMPBBATUHB 

CiHi 

UNUSED 

Cl. 

UNUSED 

Cl, 

USED 

Cl, 

RUN IN 

PER CENT Cl, 
USED 

•c. 

127 

233 

444 

13 

457 

2 8 

155 

235 

420 

23 

443 

5 2 

185 

231 

397 

40 

437 

9 1 

245 

96 

89 

245 

434 

79 4 

255 

96 

75 

402 

477 

84 2 

219 

103 

94 

330 

424 

77 8 

201 

165 

253 

200 

453 

44 1 


TABLE 7 

Em.pty chamber runs 


1 minute duration. Total rate of flow 50 liters per hour. CsHg'.CU = 1:1 


TEMPERATURE 

C,H, 

17NUSED 

Cl, 

UNUSED 

Cl, 

USED 

Cl, 

RUN IN 

PER CENT Cl, 
USED 

•c. 






28 

404 

393 


393 


70 

422 

400 

1 

401 

0 3 

as 

420 

390 

3 

393 

0 8 

108 

420 

396 

5 

401 

1 3 

127 

420 

392 

7 

! 399 

1 8 

150 

447 

368 

15 

383 

3.9 

184 

411 

338 

55 

393 

1 14 0 


TABLE 8 

Empty chamber runs 


1 minute duration. Total rate of flow 50 liters per hour. C8H8:Clj = 2.1 


TBMPBRATURE 

CsH. 

UNUSED 

Cl, 

UNUSED 

Cl, 

USED 

Cl, 

BUN IN 

PER CENT Cl, 
USED 

•c. 

108 

542 

269 

7 

276 

2 5 

128 

546 

264 

9 

273 

3 3 

144 

544 

258 

13 

271 

4.8 

165 

536 

244 

26 

270 

9 6 

179 

535 

230 

40 


14 7 

196 

518 

232 

49 

281 

17.4 

207 

522 

195 

74 

269 

27 5 

239 

426 

^ 23 

253 

276 

91 5 

258 

415 

7 

268 

275 

97 4 
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least consistent. The two factors contributing to this are explosions and 
poisoning, which are favored by high chlorine partial pressures. 

The explosions encountered in this research were never of the shattering 
type, as at no time were they strong enough to break the reaction chamber. 
The explosions were periodic and at 20 liters per hour total rate of flow, 
with a partial pressure of the chlorine of 0.5 atmosphere, they took place 
about every thirty seconds. At higher rates of flow, the explosions oc¬ 
curred more frequently. 

The use of high partial pressures of propane seemed to eliminate the ex¬ 
plosions. This would point to chlorine atoms as the initiators of the 
branching chains. With high partial pressures of chlorine, the explosions 
started at as low a temperature as 150®C. Using equal volumes of pro¬ 
pane and chlorine, the temperature of initiation was about 190®C. In a 
few cases it was possible to “slip’’ past this temperature and proceed to 


TABLE 9 

Empty chamber runs 

1 minute duration. Total rate of flow 50 liters per hour. ~ 2:1 


tjbmperatuhe 

CaH. 

UNUSED 

Cla 

UNUSED 

Cls 

USED 

Ch 

RUN IN 

PER CENT Clj 
USED 

"C. 

112 

287 

519 

15 

534 

2 8 

145 

281 

493 

34 

527 

6 5 

167 

270 

472 

66 

538 

12 3 


Conditions same as above except chamber is packed with Pyrex 


168 

283 

517 

11 

528 

2 1 

250 





100 0 


higher temperatures without explosions. On dropping the temperature, 
explosions reappeared. 

Runs were also made when the chamber was packed witli broken Pyrex 
glass of 8 -14 mesh (see figure 5 and table 9). These experiments were 
made with a high chlorine partial pressure, a condition which greatly 
favors explosions. Comparing the values obtained with the correspond¬ 
ing results in the unpacked chamber, a sixfold decrease in the extent of 
chlorination is found at the lower temperatures. Even with ten times 
the surface exposed for the activation of the chlorine, the chain-breaking 
effect of the wall outweighed the initiation of chains. No explosions 
were encountered at any time while operating over the whole temperature 
range. It might be reasoned that explosions are not evidence for a chain 
mechanism, as any exothermic reaction taking place in a thermally insu¬ 
lated chamber may utilize the heat of reaction to activate other molecules. 
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This autoactivation could give explosions. Part of the explosion is un¬ 
doubtedly due to this phenomenon, but the formation of branching chains 
is probably the chief factor. A packing having a good heat conductivity 
would both shorten chains and conduct away the heat of reaction. From 
the standpoint of its property of transferring heat, Pyrex glass is not so 
very different from a gas. Nevertheless, the glass packing very effec¬ 
tively suppressed the explosions. Consequently, the explosions must have 
been stopped by the breaking of the chains. 

Using the Arrhenius equation the heat of activation can be calculated. 

h _ Ii{T, ^ TO 
h "RT2T, 

^2 and ki are the velocity constants at temperatures T 2 and Ti, E the heat 
of activation, and 72, the gas constant, or 


2.3 Iog,„ I? = 


E T 2 -T 1 
R T 2 T 1 ' 


Neither ki nor /c 2 can be calculated, as the order of the reaction is not 
known. The rate equation for the single stage process is given by the 
equation 

d(C8H7Cl) ^ ]c(cjh)”'(Ch)’' 


Since m and n arc not known, the above equation cannot be integrated to 
determine the velocity constant. The Arrhenius equation only requires 
a ratio of velocity constants at two temperatures and this can be obtained 
from the graphs. 

Using the data from the experiments with a high partial pressure of 
propane, as given in figure 1, the following calculation was made. These 
data were chosen because a high partial pressure of propane minimized the 
poisoning of the walls. 

The ratio k 2 /ki is equal to 2 for the temperature range 184°C. to 199°C. 


2.3 log 10 2 


E 472 - 457 
2 472 X 457 


^,^ 2 X 2.3 X 472 X 457 ,^^^^, 


E = 20,000 calories per mole of product formed 

If the data were to satisfy the Arrhenius equation over the whole tem¬ 
perature range, the curves would not be S-shaped but would become more 
and more vertical as the temperature increased. 
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It would be interesting to compare the energy of activation obtained 
from the temperature coefficient of reaction with the results from a calcula¬ 
tion that assumes the chlorination to be of the simple bimolecular collision 
type. Since this reaction involves a chain mechanism, the energy of 
activation is undoubtedly composite, and it would be only fortuitous if 
any agreement was obtained by the two methods. 

The equation for the collision theory is as follows: 

B 

N = 


where N — the number of effective collisions, A^o = the total number of 
collisions, e — the natural logarithm base, R = the gas constant, T = the 
absolute temperature, and E = the energy of activation. N may be cal¬ 
culated from the data obtained from the extent of chlorination. The 
total number of collisions, Nt, is given by the formula: 

Collisions per cc. per sec. = 


Ni and Ni are the number of molecules of the two kinds per cubic centi¬ 
meter, ffi.t is the mean of the molecular diameters, and Mi and Mi are the 
respective molecular weights. 

According to figure 1 at 184‘’C. there was 20 per cent conversion of the 
chlorine to propyl chlorides. The partial pressures of the propane and 
chlorine were 0.667 atmosphere and 0.333 atmosphere, respectively. The 
number of molecules per cubic centimeter at the temperature T and par¬ 
tial pressure P would be given by the expression: 

6.06 X 10“ X 273 X P 

22,412 X T 

Substituting our values: 


6.06 X 10“ X 273 X 0.667 

22,412 (184 -I- 273) 


1.085 X 10** molecules of CsHg per cc. 


6.06 X 10“ X 273 X 0.333 

22,412 (184 + 273) 


= 0.543 X 10** molecules of Cl* per cc. 


The diameter of the chlorine molecule as given by Rankine (8) is 3.2 X 
10“* cm. The diameter of the propane molecule given by Titani (9) is 
4.16 X 10“* cm. Substituting the proper values: 

Collisions per cc. per sec. = 1.085 X 10** X 0.543 X 10'* X 

^ 3.2 X 10-* -b 4.16 X 10 g ^ g ^ g jgg ^ jg, ^ ^ ^ 

collisions per cc. per sec. =* 4.68 X 10” 
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The chamber had a volume of 100 cc. and the rate of flow was 2000/3600 
= 0.555 cc. per second (2 liters per hour). Therefore, the gas remained, 
on the average, 100/0.555 — 180 seconds in the heating zone. 

The number of collisions taking place in the reaction zone per cubic 
centimeter during the 180 seconds of contact is 180 X 4.68 X 10® = 
8.42 X 10^®. Only 20 per cent of the chlorine was converted in the cubic 
0 543 X 10^^ 

centimeter or--- = 1.08 X 10^® collisions were effective. Sub- 

5 

stituting in our equation: 

K 

N 1^0 e 

K 

1.08 X = 8.42 X lO^*" a 2X457 
E = 27,000 calories per mole 

This is in fair agreement with tlu^ value of 20,000 calories obtained from 
the Arrhenius equation. Whether this has any significance is not known. 
Pease and Walz (7) obtaiiu'd a similar agreement in their calculation on 
the chlorination of methane. 

Since the formation of atomic chlorine is essential to the reaction, it 
would be interesting to calculate' th(‘ length of the chains, presupposing 
that all of the chlorine atoms were formed in the gas phase by thermal 
dissociation. 

The affinity of the reaction 

C'I,(g) Cl(g) 

is given by the expression (5): 

A = 3500 - 1.37T In T + 0.0025^ - 1.5^ 

At the temperature 457® absolute we have 

A = 3500 - 1.37 X 457 In 457 + 0.00025 (457)“ - 1.5 X 457 
A — 30,000 calories 

A = - RT In K = -RT In 

The partial pressure of the chlorine was 0.333 atmosphere and using this 
value the concentration of the chlorine atoms at 457® absolute may be 
calculated. 
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(Cl) = 5.49 X 10““ atmospheres 


(Cl) = 


6.06 X 10» X 5.49 X 10““ X 273 
22,412 X 457 


= 8.87 X 10' atoms per cc. 


The rate of combination of the chlorine atoms at the equilibrium con¬ 
centration would be given by the expression 


Collisions per cc. per sec. = iVV 



iirRT 

M 


where a in this case is the diameter of the chlorine atom. Since the value 
of this is unknown, the diameter of argon, 2.46 X 10“' cm., will be used as 
an approximation. The above calculation also presupposes that every 
time two chlorine atoms collide a chlorine molecule is formed. 


Z = (8.87 X 10‘)*(2.56 X 10 




4 X 3.1416 X 8.136 X 10^ X 457 


35.5 


Z = 59 chlorine molecules formed per second per cubic centimeter 


Since, at equilibrium, the rate of combination equals the rate of forma¬ 
tion, then 59 chlorine molecules decompose per second per cubic centimeter 
to form 118 chlorine atoms. The gas remains in the reaction zone for 180 
seconds, therefore 21,200 chlorine atoms will form in that time. 

From our previous calculation, 1.08 X 10^® chlorine atoms reacted in this 
same period of time. The 21,200 chlorine atoms initiated all of the reac¬ 
tion, which indicates that a chain has approximately 10^^ links. This value 
seems beyond reason. The photochemical combination of hydrogen and 
chlorine only gives a chain length of 1.4 X 10® molecules per quanta (3). 

Two suppositions were involved in this calculation: first, that every 
collision between chlorine atoms results in a combination; and second, 
that no chlorine atoms are formed at the wall. The probability of the 
first taking place is not known, but the true situation would probably give 
a shorter chain. Any activated adsorption of chlorine on the walls would 
produce chlorine atoms which if included in the calculation would also 
shorten the chains. The magnitude of the result in the calculation would 
indicate that it is considerable. 


Product 

High partial pressures of chlorine favored the formation of the higher 
chloro derivatives. High rates of flow in which the chlorine conversion 
was high gave higher chlorinated propanes than did lower rates of flow 
under similar conditions. This was probably due to the problem of the 
greater amount of heat to be dissipated at the higher rates of flow. As 
high as 75 per cent of the product was monochloropropane when a high 
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propane partial pressure was used coupled with a low space velocity. The 
conversion under these conditions was between 80 and 90 per cent of the 
chlorine input. 


SUMMARY 

1. The homogeneous reaction of propane with chlorine has been studied. 

2. The reaction was shown to be of the chain typo, as evidenced by an 
induction period, inhibitory effect of oxygen, reduction in rate by packing 
and explosions. 

3. The type of reaction was shown to change with change in rate of flow. 

4. A mechanism has been postulated which seems to satisfy the peculiari¬ 
ties of the reaction. 

5. It was shown that chains were both initiated and stopped by the wall. 

6. High partial pressures of chlorine cause the wall to be poisoned. 

7. Explosions were favored by high rates of flow and high partial pres¬ 
sures of chlorine. 

8. The heat of activation was calculated by means of the temperature co¬ 
efficient and by collision efficiency; fair agreement was obtained between 
th(' two values, which were about 20,000 calories per mole. 
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The activities of solid non-volatile solutes in liquid ammonia may be 
obtained by measuring the vapor pressures of their solutions at various 
concentrations. Vapor pressure data also furnish an excellent means of 
testing the theories of concentrated solutions, since the measurements 
can be made over a very wide range of concentration. 

The vapor pressure data used in this paper have been reported in a 
previous article (3). The values used in calculating the activities were 
taken from a smooth mole ratio versus vapor pressure curve. Ammonia 
gas deviates considerably from the behavior of an ideal gas; therefore the 
fugacity rather than the vapor pressure must be used in calculating the 
activities and showing deviations from Raoult^s law. The fugacity was 
calculated from the vapor pressure using the equation (5) 

Inf^lnP-jJ^dP ( 1 ) 

/ is the fugacity, P is the vapor pressure, and 



The last term in equation 1 was evaluated from the known data for 
ammonia gas at 25°C. (4), using the equation 

PV RT + aP + bP^ (3) 

a and b are constants. This equation becomes 

* This paper is a part of a thesis submitted by W. E. Larsen to the Faculty of 
Purdie University in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy. 
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or 


f BP^ 

2.3026 log ^ ^ 


( 5 ) 


A and B (P in cm.) were found to be —1.356 X 10”^ and -2.578 X 10~®, 
respectively. 

The relationship ai = f/fo gives the activities of the solvent,/o being the 
fugacity of liquid ammonia, and / the fugacity of the solution. Our value 
of the vapor pressure, although lower than that reported by Cragoe (1), 
was used in calculating the fugacity of liquid ammonia, because our manom¬ 
eter gives the same per cent lower value for the vapor pressures of the 
solutions. 

The activity of the solute was calculated from that of the solvent by 
equations resulting from the Gibbs-Duhem equation, namely, 

d In 02 = — d In ai (6) 

N2 


02 is the activity of the solute, and Ni and Nz the mole fraction of the sol¬ 
vent and solute, respectively. Upon integrating and changing to common 
logarithms 


log 


Si 

02 


/:■ 

Jay 




d In Oi 


(7) 


The value of the integral was obtained by a graphical method. Meas¬ 
urements could not be made for solutions dilute enough to allow extrapola¬ 
tion to infinite dilution; consequently this method gave only relative 
activities. This necessitated giving an arbitrary value to o^ at some con¬ 
centration used as a reference point. A concentration of 1 molal was 
chosen as the reference point. This arbitrary assumption amounts to 
placing a ~ 1 at 1 molal, and consequently log a 2 =0; then by measuring 
the area between this point and any other point we have 

log koi — — area (8) 

Using this equation a scries of values was obtained proportional to the 
activity. Assuming that the ammonium salts dissociate into two ions, 
the relative mean ionic activity coefficient is given by 




M 


(9) 


M is the molality. 

This series of k'y values is plotted against the molality in figure 1, which 
brings out the differences between the ammonium halides. 
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TABLE 1 


Aj'y for ammonium nitrate 


M 

p 

/ 

a 

k*y 


cm. Hu 




48.9 

86 3 

85 3 

0.1270 

1.17 

42 8 

103 2 

101 8 

0.1512 

1 20 

34 5 

138 5 

135 9 

0 2019 

1 19 

27.2 

187 4 

182 6 

0 2713 

1.14 

22 8 

235 8 

228 2 

0 3391 

1.05 

18 9 

292 7 

281.0 

0.4175 

0.936 

15 2 

373 8 

354 7 

0 5270 

0.779 

11 2 

489.1 

456 3 

0 6779 

0.601 

8 63 

572.0 

527 1 

0.7831 

0.510 

6 38 

643 8 

586.8 

0.8719 

0.452 

4 19 

692 0 

626 1 

0.9303 

0 483 

2 94 

713 6 

643.5 

0.9562 

0 550 

1.97 

726 5 

653 9 

0 9715 

0 677 

1.40 

733 4 

659 4 

0 9797 

0.825 

1.14 

736 6 

661 9 

0 9835 

0 930 

0.917 

739.2 

664 0 

0 9866 

1 05 

0.683 

742.0 

666 2 

0 9899 

1.25 

0 508 

744 0 

667 8 

0.9923 

1.49 

0.411 

745 1 

668 7 

0 9936 

1 69 

Pure NH, 

750 6 

673 0 

1 0000 




TABLE 2 




k’y 

for ammonium iodide 


M 

P 

f 

0 

k’y 


cm. Hk 




25 4 

73.8 

73 1 

0.1086 

11.5 

22 6 

98 0 

96 7 

0 1437 

9 14 

18 0 

160.0 

156 5 

0 2325 

5.66 

16 4 

195 7 

190.5 

0.2830 

4.45 

14.3 

263 0 

253 6 

0 3767 

2.96 

12 0 

360.0 

342 3 

0 5086 

1.81 

'9 32 

475 8 

444.8 

0 6609 

1.13 

6.45 

598.8 

549 5 

0.8165 

0.743 

5 21 

640 4 

584 0 

0 8678 

0 676 

4 19 

671 3 

609 3 

0.9054 

0.645 

3 19 

697 5 

630 6 

0 9369 

0 644 

2 20 

717 9 

647.0 

0 9613 

0.706 

1 33 

732.1 

658 3 

0.9782 

0.869 

1.07 

736 0 

661 5 

0 9828 

0.966 

0.883 

738 8 

663.7 

0 9861 

1.06 

0 675 

741 7 

666 0 

0 9895 

1.21 

0.521 

743 5 

667 4 

0 9917 

1.41 

0.399 

745 1 

668.7 

0 9936 

1 63 

0.309 

746.3 

669 6 

0 9950 

1 87 
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TABLE 3 


k^y for ammonium bromide 


M 

P 

/ 

a 

k'y 

24 8 

cm. Hg 

162 0 ' 

158.4 

0 2354 

1 26 

21 3 

221 3 

214.6 

0 3189 

0 993 

17 3 

319 7 

305 7 

0 4543 

0 714 

13 5 

446 1 

418 8 

0 6223 

0 500 

10 5 

550.4 I 

508 8 

0.7560 

0 401 

7.70 

634.2 

578 9 

0.8602 

0 361) 

5.23 

688 2 

623.1 

0 9258 

0 380 

3 40 

714 8 

644 5 

0 9576 

0.464 

2 39 

725 4 

653 0 

0 9702 

0 577 

1 78 

731 6 

658 0 

0 9776 

0 696 

1 28 

736 9 

662 2 

0 9839 

0 857 

0 979 

740 0 

664 6 

0 9875 

1 01 

0 766 

742 1 

666 3 

0 9900 

1 19 

0 587 

743 8 

667 7 

0.9920 

1 42 

0 455 

745.1 

668 7 

0 9936 

1 68 

0 369 

745 9 

669 3 

0 9945 

1 93 

0 280 

747 3 

670.4 

0 9961 

2 19 


TABLE 4 


k^y for ammonium rhloride 


M 

P 

/ 


k'y 

24.4 

cm, Hg 

314 (1 

1300 5 

0 4465 

0 239 

21.8 

379 0 

359 4 

0 5339 

0 213 

18 9 

453 0 

424 9 

0 6313 

0 192 

16.3 

525 0 

487 2 

0 7239 

0 177 

13 7 

591 8 

543 7 

0 8079 

0 171 

10.7 

653 4 

594 7 

0 8836 

0 176 

8 76 

684 3 

619 9 

0 9211 

0 190 

7.40 

700 0 

632.6 

0 9399 

0 209 

5 49 

717 3 

646 5 

0 9606 

0 255 

4.00 

727.1 

654 4 

0 9723 

0 324" 

2 61 

733 9 

659 8 

0 9803 

0 462 

1 96 

737 2 

662 4 

0 9842 

0 585 

1 47 

739 7 

664.4 

0 9872 

0 740 

1.06 

742 2 

666 4 

0 9901 

0 958 

0 850 

743 4 

667.4 

0 9916 

1 14 

0 667 

744.6 

668 3 

0 9930 

1 38 

0.506 

745.9 

669.3 

0.9945 

1 68 

0.390 

747 7 

670 8 

0 9966 

1 89 
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The method of Randall and White, if it could be used, would give abso¬ 
lute activities. Although their method has been used successfully for 
aqueous solutions by Pearce and Nelson (6), the extrapolation involved in 
the case of liquid ammonia is much more difficult. Their method was 
used to give an approximate value of the activity coefficient. Using these 
activity coefficients the value of k' for each concentration of the more 
exact series was obtained. These values of k' vary within the maximum 
limits of 0.65 per cent, showing that the two methods run parallel to a 
reasonable extent. The fact that k' is constant does not mean that the 
extrapolation is necessarily correct, but only that the two methods run 
parallel. The average value of k' for ammonium nitrate is 37.7, am- 



Ficj. 1. Values of k'y 
Fio. 2. Deviations from Raoult’s Law 


moniiim iodide 31.8, ammonium bromide 50.6, and ammonium chloride 
83.5. These values show that the activities of these salts are low in liquid 
ammonia. 


DEVIATIONS FROM RAOULT^S LAW 

If the vapor is not ideal and the solute is a non-electrolyte, the fugacity 
depends on the concentration in the following manner; 


or 




( 10 ) 


/o 




M 

58.71'+ M 


(11) 



882 


W. E. LARSEN AND HERSCHEL HUNT 


The left side of equation 11 is really the fractional lowering of the 
fugacity. 

If we consider that binary salts, such as the ammonium salts, are 100 
per cent ionized, and that the ions resulting still behave as ideal solutes, 
then a relation similar to equation 11 is 


/o - / ^ 2Jlf 

/o 58.71 + 2M 


( 12 ) 


The deviations from the ideal are shown in figure 2, where two of the 
curves were made by plotting the right-hand side of equations 11 and 12 
against the molality, and the others were made by plotting the fractional 
lowering of the fugacity against the molality. These solutions do not 
behave as ideal solutions either in the dilute or concentrated region. Such 
deviations in the concentrated region are not unexpected, but the trends 
of these curves in the dilute solutions are more unusual, since all but am¬ 
monium iodide show a smaller lowering of the fugacity than is predicted 
for a non-electrolyte. This effect is most marked for ammonium chloride, 
which does not cross the non-electrolyte curve until above 12 molal. 

The interpretation of these results may be made from several viewpoints, 
as Hepburn (2) has shown. A possible explanation is that some form of 
association takes place, thus lowering the mole fraction of the solute. 
The relative positions of the curves for the different halides are what would 
be expected from this explanation. 

The results in the concentrated region indicate that some of the solvent 
molecules have lost their fugacity, which may mean that they are attached 
to some of the solute ions. Although the solvation per ion is greater in 
the dilute solution, in the concentrated solution the number of solvent 
molecules that are bound up comprises a significant part of the total 
present, and the mole fraction of the solute increases faster than it other¬ 
wise would. The extent of solvation indicated makes it appear probable 
that both anion and cation are highly solvated. 


SUMMARY 

1. From the vapor pressures of solutions of ammonium nitrate, iodide, 
bromide, and chloride a quantity ¥y has been calculated using the Gibbs- 
Duhem equation, and a plausible value of k' determined using the method 
of Randall and White. 

2. The deviations from Raoult's law are shown, and it is suggested that 
these deviations can be explained if the solutes are partially associated, 
and there is considerable solvation between the ions resulting and the mole¬ 
cules of the solvent. 
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THE ROLE of ortho SUBSTITUTION IN THE IONIZATION OF 
ORGANIC ACIDS AND BASES 

A. W. WALDE 
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Received October £6, 1934 

The conclusions of Smallwood (14) that the increase in acidity of ortho 
halogen-substituted acids over that of benzoic acid was due primarily to 
restricted rotation of the carboxyl group suggests that groups which have 
a depressing effect upon the ionization of aliphatic acids and meta and 
para substituted benzoic acids should produce an increased acidity in the 
corresponding ortho substituted benzoic acids. 

Groups having low dipole moments and having little effect on the 
acidity of aliphatic acids are to be desired for a study of restricted rotation, 
in order to reduce internal electronic disturbances to a minimum. Methyl 
and ethyl groups fill these requirements. Table 1 shows the effect of 
ortho substitution on the dissociation constants of benzoic acids, based on 
the data of Scudder (13). 


DISCUSSION 

As predicted, the m- and p-toluic acids are weaker than benzoic acid. 
On the assumption that rotation is unrestricted, o-toluic acid should be 
weaker than benzoic acid; actually the ortho acid is stronger than the 
unsubstituted acid. o-Ethylbenzoic acid is also stronger than benzoic 
acid itself, and slightly more acidic than o-toluic acid. In the case of 
the dimethyl substituted benzoic acids, it is again evident that a methyl 
group in the ortho position is the primary cause for the increase in acidity, 
since the 3,5-dimethyl derivative is weaker and the 2,4- and the 2,5- 
dimethyl derivatives are stronger than benzoic acid. The trimethyl and 
tetramethyl derivatives also show that methyl groups in the ortho positions 
more than overcome the usual depressing effect of methyl groups in the 
meta and para positions. When both ortho positions are filled, the acid¬ 
ity of the resulting compound is greater than that in which but one ortho 
group is substituted. 

It is known that the methoxyl and the ethoxyl groups have a slight 
acidifying effect upon substituted aliphatic acids. If the evidence pre¬ 
sented by measurement of dipole moments is correct (6), substitution of 
these groups in the ortho position should cause no appreciable increase in 
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acidity because they should not restrict rotation of the carboxyl group. 
The data for the methoxyl and ethoxyl derivatives shown in table 1 are in 
agreement with this assumption. 

The evidence in favor of restricted rotation presented by the alkoxyl 
derivatives is less convincing because of the possibilities for molecular 
resonance (17), which would tend to have a decreasing effect upon acidity. 
However, if molecular resonance occurs in the toluic acids, the ortho acid 
would be weaker than the meta and para acids. Since o-toluic acid is 


TABLE 1 


Effect of ortho substituents on the dissociation constants of substituted benzoic acids 


ACIDH 


^ 25 * 


Benzoic acid. 

o-Toluic acid. 

m-Toluic acid. 

p-Toluic acid. 

o-Ethylbenzoic acid 


6.6 X 10-^ 
1.37 X 10-* 
5.8 X 10-5 
4 3 X 10-5 
1 7 X 10“* 


3,5-Dimethylbenzoic acid 
2,4-Dimethyl benzoic acid 
2,v5-Dimethylbenzoic acid. 


4 8 X 10-5 
9 0 X 10-5 
1 2 X 10-* 


2.4.6- Trimethylbenzoic acid. 

2.3.5.6- Tetramethylbenzoic acid. 

2.3.4.6- Tetramethylbenzoic acid. 

2,3,4,5-Tetramethylbenzoic acid. 


3 8 X 10-* 
3 0 X 10-* 
1 0 X 10-* 
6 5 X 10-5 


2-Methoxy-5-methylbenzoic acid 
2-Methoxy-4-methylben zoic acid 
4-Methoxy-2-methy I benzoic acid 


6 8 X 10-5 

4 1 X 10-5 

5 4 X 10-5 


2-Methoxybenzoic acid 
o-Ethoxybenzoic acid. 
m-Ethoxybenzoic acid. 
p-Ethoxybenzoic acid , 


8 2 X 10-5 
7.2 X 10-5 

9 2 X 10-5 
5 1 X 10-5 


stronger than either m- or p-toluic acid, the primary effect cannot be due 
to molecular resonance. 

Pauling (12) has mentioned, in coimection with molecular resonance, 
that bond energy is independent of orientation and that there will be free 
rotation about a single bond except in so far as rotation is hindered by 
steric effects arising from interactions of the substituent atoms or groups. 

WhUe both optical isomers of the free acid of the benzenesulfonyl de¬ 
rivative of 8-nitro-l-naphthylglycine, as well as their brucine salts, show 
mutarotation (11), it is not necessary that the di-ortho-substituted benzoic 
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acids have the carboxyl group restricted to the extent necessary to produce 
optical isomerism. Several attempts to isolate optical isomers have re¬ 
sulted in failure: Lewkowitsch (9) failed to obtain optically active or 
mutarotatory l-methyl-6-nitrobenzoic acid, and Adams and coworkers (7, 
10) failed to isolate optically active di-ortho-substituted benzoic esters and 

TABLE 2 


The effect of ortho aubstituenlB on the dissociation constants of bases 


BASE 

A'250 

Aniline . 

3 8 X 

o-Toluidine. 

2 5 X 10-1® 

m-Toluidine. 

4 9 X 10“'® 

p-Toluidine . 

1.3 X 10-» 

A'-Methylaniline. 

7 1 X 10“'® 

iV-Methyl- 0 ‘toluidine. 

3.9 X 10-‘« 

JV-Methyl-w' -toluidine. 

8.7 X 10-i» 

iV-Methyl-p-toluidine. 

2 1 X 10“® 

iV-Ethylanilinc . 

1 3 X 10“® 

A^-Ethyl-o-toluidine. 

8 5 X 10“'® 

JV-Ethyl-p-toluidine. 

4.7 X 10“® 

JV>Dimethylaniline . 

1 1 X 10“® 

i\r-Dimetbyl-o-toluidine. 

7.3 X 10“® 

iV-Dimethyl-w-toluidine. 

1 7 X 10“® 

JV^-Dimethyl-p-toluidine . 

3 2 X 10-® 

iV-Diethylaniline . 

3 8 X 10“8 

iV-Diethyl-o-toluidine. 

1 5 X 10-7 

iV-Diethyl-p-toluidine . 

1 2 X 10-7 

Quinoline . 

6 3 X 10“'® 

2-Methylquinoline . 

2 6 X 10“® 

Pyridine . 

2 3 X 10“® 

2-Methylpyridine . 

3.2 X 10-8 

2,6-Dimethyl pyridine. 

1.0 X 10-7 

2,4, G-Trimethjd pyridine. 

1.2 X 10-7 


diphenyl ketones. Following the usage of Betti (2), it would perhaps be 
better to use the terra “diminished free rotation” in place of “restricted 
rotation,” since the latter connotes optical activity. The diminished free 
rotation of the carboxyl group would be similar to the type occurring in 
1,2-dichloroethane (15). 

Since substitution which causes increased acidity in organic acids usually 
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leads to decreased basicity of organic bases, one would expect the o-tolui- 
dines to be less basic than aniline, which, in turn, should be less basic 
than the m- and p-toluidines. The expectation that ortho substitution 
leads to a decrease in the dissociation constants of organic bases (5) is 
borne out by the data presented in table 2. 

The iV-dimethyl and iV-diethyl derivatives of aniline and substituted 
anilines fail to show the expected decrease in basicity. An explanation for 
this fact is that the introduction of two alkyl groups on the nitrogen causes 
a partial restriction of rotation such that further substitution in the ortho 
position has no further restricting effect. An instance similar to this, in 
the dimethyl and diethyl substituted malonic and glutaric acids, has been 
explained by Gane and Ingold (4), who suggest that an unexpected in¬ 
crease in acidity was caused by valency deflection, in addition to restricted 
rotation. 

Within recent years a number of examples of retardation of chemical 
reactions by the presence of ortho substituents have been recorded (1). 
The question arises: Is the increase in acidity of acids or decrease in basic¬ 
ity of bases due merely to steric hindrance, or to diminished free rotation? 
It is possible that it may be due to both. In the quinolines, the nitrogen 
in the ring is not free to rotate. If substitution in the ortho position of 
quinolines causes steric hindrance, the resulting bases should be affected 
to about the same degree as are the o-toluidines. The data in table 2 
show that ortho substituted quinoline and the ortho substituted pyridines 
are more basic than the parent substances, just the inverse of that noted 
for the o-toluidines. Therefore steric effect is excluded. 

A similar case arises with the phenols, where the functional group con¬ 
tains only one atom attached to the oxygen. o-Cresol (Ka = 6.3 X 
10""^^) is weaker (8) than phenol (Ka = 7.3 X 10*“^^). This fact is also in 
accordance with the theory of restricted rotation and opposed to that of 
steric effect. 

These results support the contention that diminished rotation of the 
functional group occurs in the ortho substituted benzoic acids and anilines. 
It must be borne in mind, however, that diminished free rotation cannot 
be measured quantitatively as yet, because there are very probably inter¬ 
nal electronic disturbances accompanying diminished free rotation and 
incapable of being distinguished from it. 

SUMMARY 

Provisionally, the increase in acidity of ortho substituted benzoic acids 
and anilines has been attributed to the spacial proximity of the alphyl 
ortho substituent to the functional group to such an extent that there is 
diminished free rotation of the latter. 
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Received October 19^ 19S4 

In the previous paper (10) the catalytic constant of the hydrogen ion 
(^HjoO the hydrolysis of diethyl acetal was determined in aqueous 
solutions of nine solvent salts. With the determination of the tempera¬ 
ture coefficient this reaction can now be employed to measure kinetically 
the hydrogen-ion concentration of suitable buflFer solutions. This paper 
presents the determination of the dissociation constant of benzoic acid 
in the nine soh'ent salt solutions over a wide range of concentration. 

EXPERIMENTAL PART 

Suitable buffer solutions were made from benzoic acid and carbonate- 
free sodium hydroxid(' solution, and the purified salts were added. The 
experimental method was th(» same' as that used in the previous paper. 
The hydrogen-ion concentration was calculated from the equation: 

^obsd./fcn/p = 

where the ^ alue of /cino* ts that for the corresponding concentration of the 
electrolyte. The classical dissociation constant (Kc) was calculated from 
the Cii^y and the stoichiometric composition of the buffer solution. 

Table 1 gives the results of the measurements with lithium chloride, 
and tables 2 and 3 summarize the results in the other salt solutions. 

The results arc presented graphically in figure 1. The wide variation in 
the dissociation constant of the acid in the different salt solutions is par¬ 
ticularly striking. For example, at 1 molar electrolyte concentration the 
difference between the lowest and the highest values is over 100 per cent, 
the value in lithium chloride being 12.84 and that in sodium p-toluene- 
sulfonate 5.47. 

1 An abstract of this paper was presented at the Eighty-sixth Meeting of the 
American Chemical Society held at Chicago, September, 1933. 

* Abstracted from the dissertation of Leonard C. Riesch presented to the Faculty 
of the Graduate School of the University of Pennsylvania in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy, June, 1934. 

® George Leib Harrison Fellow in Chemistry, 1933-34. 
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In order to analyze the differences further, the value of the ratio /h/b//hb 
was calculated from the equation: 

Ka — Kcfafa/fsB ( 1 ) 

where Ka represents the thermodynamic dissociation constant. The 
value of Ka used by Kilpatrick and Chase (4), 6.31 X lO"®, has recently 
been confirmed by accurate measurements by Brockman and Kilpatrick (1). 



ElecTrolyfe Concentration -Molarity 


Fig. 1. Electrolyte Effect on the Dissociation Constant op Benzoic Acid 

O, KCl; A, NaCl; +, LiCl; □, NaClO*; O, LiNOa; X, NaNO,; 4 >, KNO,; V, 
CeHiSOsNa; •, p-C,Hi(CH,)SO,Na. 


To o btain the mean activity coeflicient of the ions of benzoic acid, 
V/h/b, /hb was calculated from the equation 

log/uB = (2) 

by using the expeiimental data in the literature. Table 4 gives the values 
of the “salting-out” constant. 

In the case of the sulfonates the values were plotted from the data of Osol 
and Kilpatrick (9), and the activity coefficients were read from the plots. 

The values of V/h/b are given in tables 5 and 6._ 

At 0.10 molar salt concentration the values of V/h/b are the same within 
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2.5 per cent in the various salt solutions, while at 1, 2, and at 3 molar the 
maximum differences are 20, 25, and 40 per cent, respectively. The mean 
activity coefficient is greatest in sodium chloride solutions. The order for 

TABI.E 1 


The dissociation constant of bemoic acid in lithium chloride solutions at Z5°C. 


HB 

LiCl + NaB 

/. i 

OBSFRVE.I> ! 

X IIS 

Kc X 10‘ 

molea per liter 

0.010 

molea per liter 

0 10 

0 01794 

2 040 

10 83 

0 010 

0 20 

0 02160 

2 198 

11 73 

0.010 

0 40 

0 02828 

2 402 

12 90 

0 010 

0 60 

0 03409 

2 402 

12 90 

0 010 

0 80 

0 04030 

2 398 

12 87 

0 010 

1 00 

0 04741 , 

2.392 

12 84 

0 010 

1 50 

0 06770 

2 277 

12 18 

0 005 

2 00 

0 04606 

1 036 

10 80 

0 005 

2 41 

0 03025 

0 4772 

9 59 

0 005 

00 

0 04025 

0 3755 

7 60 

1 


TABLE 2 


The (huHoclatuni (onf^lant of heozoie acid in sail solutions at 


»^iT + NaB 

KcX 10- 

NuOl 

KCl 

CbH .SOaXji 

p-CJl4(CHa)SOiNa 

moles per liter 





0 10 

10 59 

10 15 

10 09 

9 88 

0 20 

11 46 

11 21 

10 99 

10.22 

0 25 



11 12 


0 30 


11 41 



0 40 

11 71 


10 97 

9 57 

0 50 


11 51 

10 73 


0 60 

11 94 



8 18 

0 80 

11 85 

11 20 

9 39 

6 63 

1 00 

11 40 j 

10 88 

8 27 

5 47 

1 25 



6 84 


1 50 

9 91 

9 58 

5 28 


2 00 

8 71 

8 11 



2 50 

6 78 

6 99 



3 00 

4 85 

5 04 




the chlorides and nitrates at high concentrations is Na > K > Li, and for 
the sodium salts the order for the anions is Cl > CIO4 > NO 3 > sulfonates. 

The other values for the dissociation constant of benzoic acid that are 
given in the literature are at 18°C. and 20®C., and it is probable that the 
change of the dissociation constant over this range of temperature is small. 





894 


LEONABD C. BIESCH AND MABTIN KILPATBICK 


This is borne out by the results of the determination of the temperature 
coefficient of the dissociation constant between 35°C. and 25°C. by the 
two-thermostat method. The results are summarized in table 7. 

It is to be noted that, except for the values for 3 molar sodium chloride, 
the temperature coefficient in the various salt solutions is constant within 
approximately 3 per cent. From the average value 3.455, as compared 

TABLE .3 


The dissociation constant of benzoic acid in salt solutions at 26°C. 


SALT + NaB 

Ke X 10^ 

LiNOa 

NaNOa 

KNOa 

NaClO* 

moles per liter 





0.10 

10 21 

10 43 

10 35 

10.43 

0.20 

11.28 

11.31 

11.10 

10 87 

0.40 

12.46 

11,71 

11.48 

10 47 

0.60 

12.32 

11.73 

11 49 

10.24 

0.80 

12 16 

11.52 

11 14 

9 63 

1.00 

12 02 

11 15 

10 83 

8 88 

1 20 



10 41 


1.50 

11 03 

9.97 


7.45 

2.00 

9.83 

9 03 


6.15 

2.50 


8.01 



3.00 

7.16 

6 81 


3.73 


TABLE 4 


Values of the “salting-out” constant 


BALT 

“salting out” 

CONSTANT 

SOURCE 

LiCl. 

0.192 

0.177 

0.138 

0.078 

0.080 

0.040 

0.062 

Larsson (8) 

Larsson (7) 

Chase and Kilpatrick (2) 
Larsson (8), Haessler (3) 
and Kolthoff and Bosch (6) 
Larsson (8) 

Larsson (8) 

Kolthoff and Bosch (6) 

NaCl . 

KCl. 

LiNOs. 

NaNOa. 

KNOa. 

NaClOi. 



with 3.395 for Ass/fes for strong acids, it is evident that the temperature 
coefficient of the dissociation constant is small over this range. 

A comparison of the values of the dissociation constant of benzoic acid 
in potassium chloride solutions as determined by the kinetic method with 
those determined by means of the quinhydrone electrode shows that the 
results are not in agreement at concentrations above 2 molar. Repeated 
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determinations by the two methods in 3 molar potassium chloride solution 
consistently show this discrepancy. With 3 molar sodium chloride a 

TABLE 5 


The mean activity coefficient of the ions of benzoic acid at 


BLICCTROLYTE 
CONCENTRATION 
BALT -4- NaB 

V7h/b 

LiCl 

NaCl 

KCl 

NaCIOi 

moles per liler 





0.10 

0 78 

0 79 

0.80 

0.78 

0.20 

0 77 

0 77 

0 77 

0 77 

0.30 



0 78 


0.40 

0 76 

0.80 


0 80 

0 50 



0 80 


0.60 

0 80 

0 82 


0 82 

0.80 

0 83 

0.85 

0.85 

0 86 

1.00 

' 0 87 

0 91 

0 89 

0.90 

1 50 

1 00 

1 08 

1 03 

1 03 

2.00 

1 18 

1 28 

1 21 

1.17 

2.41 

1 38 




2 50 


1 60 

1 41 


3 00 

1.76 

2.10 

1.80 

1.61 


TABLE 6 


7'he mean activity coefficient of the io7is of benzoic acid at 25^C. 


ELKCTROI.YTB 
CONCENTRATION 
SALT 4- NaB 

V/h/b 

LiNOa 

NaNOa 

KNOi 

CeHaSOaNa 

7i-CBlI«(CHi)SOaNa 

moles per hter 






0.10 

0 79 

0.79 

0 78 

0.78 

0 78 

0.20 

0 76 

0 76 

0 76 

0 74 

0 74 

0.25 




0.73 


0.40 

0 74 

0 76 

0 75 

0.72 

0 71 

0 50 




0 72 


0 60 

0 76 

0 77 

0 76 


0 71 

0.80 1 

0 77 

0 80 

0 78 

0 71 

0 71 

1.00 

0 79 

0 82 

0 80 

0 72 

0 71 

1 20 



0 82 



1.25 




0.74 


1.50 

0.87 

0.91 


0 79 


2 00 

0 95 

1 00 




2.50 


1.13 




3.00 

1 23 

1 26 





similar discrepancy exists. In order to investigate this difference the as¬ 
sumptions of the kinetic method were tested further. The assumptions 



896 


LEONARD C. RIESCH AND MARTIN KILPATRICK 


involved in the determination of Ahk)* are as follows: (1) The hydrogen 
ion is the sole catalyst. (2) The energy of activation is constant within 
the experimental error of measurement from 0° to 35®C. (3) The energy 
of activation is independent of the salt concentration. 

TABLE 7 


The temperature coefficient in hemoate buffers 


BALT 

SALT + NaB 

kib/ku 

DEVIATION 

PROM 3.455 


molos per liter 



NaB. 

0.005 

3 469 

0.011 



0.10 

3.384 

0.071 



0.50 

3 505 

0.050 



1.00 

3.474 

0.019 

KLl.^ 


1.50 

3.457 

0.002 



2.00 

3 395 

0 060 



3 00 

3 519 

0 064 



2 00 

3 417 

0 038 



3 00 

3 168* 


NaCl.. —^ 


3 00 

3 113* 




3 00 

3 148* 


NaC 104 . 

3.00 

3 504 

0.049 

LiCl. 

3.00 

3 379 

0 076 

NaNOg. 

3.00 

3 443 

0 012 

CeH^SOaNa. 

1.00 

3 423 

0 032 

p-C6H4(CH3)S03Na. 

1.00 

3 540 

0 091 

Average... 

3 455 

±0 044 





* Omitted from the average. 


TABLE 8 


The effect of reaction products upon the velocity constant 


HB 

KCl + NaB 

k 

OBSERVED 

X 10* 

KeX m 

moles per liter 

0.005 

moles per liter 

3.00 

0 01580 

0 2590 

5.22 

0 005 

3.00 

0 01523 

0 2497 

5.03 

0.005 

3.00 

0 01488 

0 2440 

4 91 


To test these assumptions the dissociation constant of acetic acid in 
potassium chloride solutions was determined electrometrically. At the 
same time independent kinetic determinations were made on the same 
buffer solutions. Both methods gave results in agreement over the range 
from 0.10 to 3.0 molar potassium chloride concentration (5). Similar 
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agreement was found for glycolic acid-glycolate buffers in potassium chlo¬ 
ride solutions. Evidently the discrepancies at 3 molar salt concentration 
in the case of benzoic acid are not due to the invalidity of the assumptions. 
In .fact, the results indicate that the high primary salt effect is not con- 


TABLE 9 

Comparison with equation 5 


ELECTROLYTE 

V/STb 

V7h/b 

ELECTROLYTE 

vVh/b 


MOLES PER LITER 

OBSERVED 

CALCtlLATED 

MOLES PER LITER 

OBSERVED 

CALCULATED 

NaClOi (B - -0.222) 

KNO, (B = -0.176) 

0 10 

0.78 

0.80 

0 10 

0 78 

0 79 

0 20 

0 77 

0.78 

0 20 

0 76 

0 76 

0 40 

0 80 

0 79 

0 40 

0 75 

0 75 

0 60 

0 82 

0 82 

0 60 

0 76 

0 77 

NaCl (B = -0.218) 

LiNO, (B -0.166) 

0.10 

0.79 

0 80 

0 10 

0 79 

0 79 

0 20 

0 77 

0 77 

0 20 

0 76 

0 76 

0 40 

0 80 

0 78 

0 40 

0 74 

0 75 

0 60 

0 82 

0 82 

0 60 

0 76 

0 76 

KCl (B = -0.216) 

CeH^SOaNa (B - - 

0.124) 

0 10 

0 80 

0 80 

0 10 

0 78 

0 78 

0 20 

0.77 

0 77 

0 20 

0.74 j 

0 74 

0.30 

0 78 

0 77 

0 25 

0 73 ' 

0 73 

0 50 

0 80 

0 80 

0 50 

0 72 

0,72 

LiCl (B = -0.192) 

p-C6H4(CH3)S03Na (B ■■ 

-0.114) 

0.10 

0 78 

0 79 

0 10 

0 78 

0 78 

0.20 

0.77 

0.77 

0 20 

0 74 

0 74 

0.40 

0 76 

0.76 

0.40 

0 71 

0 71 

0.60 

0 80 

0 79 

0 60 

0 71 

0 71 

NaNOs {B - -0.178) 




0.10 

0 79 

0 79 




0 20 

0 76 

0 76 




0.40 

0 76 

0 75 




0 60 

0 77 

0 77 





nected with any catalytic effect of the hydrochloric acid molecules. Any 
explanation of the difference in the results must therefore be related to the 
benzoic acid buffer itself or to some specific reaction with the acetal, or to 
the products of the reaction. Varying the buffer ratio has little effect on 
the calculated dissociation constant. It is not possible to vary the acetal 
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concentration very greatly, but the effect of the products of hydrolysis 
was tested in the following manner. An experiment was carried out in the 
usual way; the buffer solution was then drawn back into the mixing 
chamber, another portion of acetal was added, and the experiment re¬ 
peated. Upon completion of this experiment the process was repeated. 
The results are given in successive order in table 8 . Although there is 
about 6 per cent change in the kobad. and in the resultant dissociation 
constant, the magnitude of this effect cannot account for the 20 per cent 
difference between the results by the two methods in 3 molar potassium 
chloride solution. In no case did the velocity constants show a trend. 

As pointed out by Chase and Kilpatrick (2) the mean activity coefficient 
of the ions of benzoic acid can be represented by an equation of the form 

- log - + fiC (4) 

1 + /CO 


where /c equals 0.33 X 10® VC and b is the apparent average ionic diameter. 
The jS is an empirical constant which should include salting-out and 
interaction effects. If we arbitrarily set b equal to 3.0 X 10 “® cm, the 
above equation becomes: 

- log Vf^ = ( 5 ) 


By plotting log V/h/b + 


5 '*/€ 

■—against the concentration, B has been 


evaluated for each solvent salt. The observed and the calculated values 
up to 0.6 molar are given in table 9. 

Over this range the order of decreasing activity coefficients is Na > K 
> Li. For the sodium salts one finds CIO 4 > Cl > NO* > RSO 3 , but at 
higher concentrations the mean activity coefficients become greater in 
sodium chloride than in sodium perchlorate. 


SVMMAEY 

1 . The classical dissociation constant of benzoic acid has been deter¬ 
mined kinetically in solutions of lithium chloride, sodium chloride, potas¬ 
sium chloride, lithium nitrate, sodium nitrate, potassium nitrate, sodium 
perchlorate, sodium benzenesulfonate, and sodium p-toluenesulfonate. 

2 . From the values of the activity coefficient of molecular benzoic acid 
and the thermodynamic dissociation constant, the mean activity coeffi¬ 
cients of the ions of benzoic acid in the several salt solutions have been 
calculated. 
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INTRODUCTION 

Having definitely established the fact that pure potassium cyanide and 
benzaldehyde in the absence of water do yield benzoin (2), attention 
was directed to the statement in the literature that water was necessary 
to induce the reaction. Preliminary experiments with various brands of 
potassium cyanide showed that certain commercial samples would not 
yield benzoin when shaken with pure benzaldehyde at 100°C. for 1 hour 
unless water were added. Further experiments showed that alkali halides 
and also hydrogen sulfide and sulfur can inhibit the benzoin reaction. The 
effect of increasing quantities of sodium and potassium chlorides (impuri¬ 
ties likely to be present in commercial potassium cyanide), potassium 
iodide, and quinol on the benzoin reaction was examined (figures 1 and 2). 
The results show that these substances in sufficient quantity prevent the 
formation of benzoin in 1 hour, and that potassium iodide and quinol are 
particularly effective. The latter were tried because it is known that they 
are more effective than potassium and sodium chlorides in the inhibition 
of the oxidation of benzaldehyde. 

TIME-YIELD CURVES IN PRESENCE OF INHIBITORS 

Next, a series of experiments was made to obtain time-yield curves in 
the presence of various quantities of quinol, potassium iodide, and potas¬ 
sium chloride (figure 3). It will be seen that the curves thus obtained arc 
of the same type as those yielded by pure potassium cyanide, with the 
difference, however, that a diminished quantity of potassium cyanide 
appears to be functioning in the heterogeneous reaction. (See figure 3, 
upper section. Curves IV and VI.) The homogeneous autocatalytic reac¬ 
tion is unaffected. Thus the curve obtained with 1 g. of potassium cyanide 
and 0.3 g. of quinol is almost identical, particularly in the earlier stage, 
with that given by 0.3 g. of pure potassium cyanide. In other words, 0.3 
g. of quinol renders inactive 0.7 g. of potassium cyanide. 

From the amount of benzoin obtained in 1 hour, we can determine how 
much cyanide is effective in producing it. This determination is facilitated 
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Fig. 1. Effect of Sodium Chloride and Potassium Chloride on the 
Yield of Benzoin 



Fig. 2. Effect of Potassium Iodide and Quinol on the Yield op Benzoin 
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by plotting the quantity of benzoin obtained in 1 hour from 10 g. of ben- 
zaldehyde at 100°C., against the quantity of pure cyanide required to pro- 



Fia. 3. Effect of Quinoi. and Potassium Chloride on the Yield op Benzoin; 
Effect of Potassium Iodide on the Yield op Benzoin 

duce it, the correction of 0.17 g. (see Part I) being inserted. The yield of 
benzoin produced in 1 hour in any experiment with pure potassium cyanide 
and the added impurity is referred to this graph, from which the amount of 
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Fia. 4. Potassium Cyanide Rendeeed Inactive by Potassium 
Iodide and by Quinol 



Plotted Against Pure Potassium Cyanide 
Fig. 6. Potassium Cyanide Rendered Inactive by Sodium Chloride or 
Potassium Chloride 
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pure potassium cyanide required to produce the same yield of benzoin is 
found; the cyanide rendered inactive by the impurity added is obtained 
by subtraction. 

THE DEACTIVATION OF POTASSIUM CYANIDE BY MEANS OF POTASSIUM IODIDE 

AND QUINOL 

Figure 4 shows the quantities of potassium cyanide rendered inactive by 
various quantities of potassium iodide and quinol. With potassium iodide 
the quantity of cyanide rendered inactive increases very slowly with the 
potassium iodide added. Further, the amount rendered inactive by potas¬ 
sium iodide is proportional to the quantity of pure potassium cyanide 
present (figure 5, Curves 1, 2, 3), 

These results can be interpreted to mean that potassium iodide is ad¬ 
sorbed on the surface of the solid potassium cyanide, and thus inhibits the 
reaction. The amount adsorbed is in equilibrium with the saturated solu¬ 
tion of potassium iodide in benzaldehyde, and therefore is directly pro¬ 
portional to the amount of cyanide present. It is clear from the small 
quantities of potassium iodide required that little is adsorbed and little is 
required to saturate the benzaldehyde; about 90 per cent of the cyanide is 
rendered inactive by the potassium iodide. 

Quinol behaves in much the same way as potassium iodide. Increase in 
the amount of quinol increases the inhibiting effect rapidly at first, and 
then more slowly. The quantities of quinol required to deactivate the 
potassium cyanide are larger than with potassium iodide. 

It will be seen (figure 5) that up to a limit the quantity of potassium 
cyanide rendered inactive by a given quantity of quinol is proportional to 
the amount of potassium cyanide present. 

DEACTIVATION OF POTASSIUM CYANIDE BY MEANS OP POTASSIUM AND 

SODIUM CHLORIDES 

Potassium and sodium chlorides (figure 6) are less effective than potas¬ 
sium iodide and quinol and give results of a different type. The inhibit¬ 
ing effect increases with the quantity added. This may mean direct ac¬ 
tion between solid cyanide and solid chloride. The extent of the surface 
of the potassium cyanide rendered inactive will then increase with the 
quantity of the negative catalyst present, since it is more likely to be in 
contact with it. Presumably potassium and sodium chlorides are much 
less soluble in benzaldehyde than is potassium iodide. 

DISCREPANCIES IN PREVIOUS RESULTS 

These results explain the discrepancies in the results of previous workers, 
regarding the possibility of obtaining benzoin from benzaldehyde and po¬ 
tassium cyanide only. Where it was not obtained, impure cyanide had 
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evidently been used. Lachmann’s result (1) that benzoin can replace 
water in promoting the benzoin reaction can be referred to the fact that 
in the presence of benzoin the homogeneous autocatalytic reaction which 
is not affected by the inhibitor can proceed. The action of water in the 
presence of inhibitors is considered in Part III. 

SUMMABY 

1. It is shown that potassium and sodium chlorides, potassium iodide 
and quinol can inhibit the benzoin reaction. 

2. They act by stopping the heterogeneous reaction, but they do not 
affect the homogeneous autocatalytic reaction. 
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Having studied the reaction between potassium cyanide and benzalde- 
hyde under anhydrous conditions (Parts I and II), it is of interest in view 
of the importance hitherto attributed to the cyano ion in the reaction to 
examine the eifect of addition of water. Figure 1 gives the results of 
experiments at 100®C. with 10 g. of benzaldehyde and various quantities of 
potassium cyanide and water. No benzoin was obtained from 0.175 g. 
of potassium cyanide and 2.0 g. or more of water, nor from 0.17 g. of po¬ 
tassium cyanide even with as little as 0.1 g. of water. 

It is clear from the curves that addition of water to a given quantity of 
potassium cyanide first increases and then reduces the rate of reaction. 



The dotted lines represent calculated curves, with experimental points thereon 

Autocatalysis gradually disappears. While this persists the curves ob¬ 
tained are similar to those yielded by suitable quantities of potassium 
cyanide in the absence of water (sec figure 2). 

Table 1 gives the quantities of solid anhydrous potassium cyanide which 
correspond to certain strong solutions as regards the rate of production of 
benzoin in the heterogeneous reaction (see Part I, p. 733). The accelerat¬ 
ing and subsequent decelerating effect of water is well brought out. Fig¬ 
ure 3 shows that solutions of different strengths in suitable quantities can 
give similar results. 

It is evident that with concentrated solutions of cyanide there are again 
two reactions involved. From the similarity of the curves obtained with 
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anhydrous potassium cyanide and with strong solutions, the homogeneous 
autocataljrtic reaction appears under these circumstances to be unaffected 




by the presence of water. The heterogeneous reaction between the strong 
solution and benzaldehyde is greatly accelerated. 

The rapid fall in the rate of reaction with the addition of water beyond 
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a certain limit may be referred to the fact that as the cyanide solution de¬ 
creases in strength it extracts in increasing proportion the trace of cyanide 
dissolved in benzaldchyde which is producing the homogeneous reaction. 

It is of interest to attempt to formulate mathematically the reaction 
occurring between the aqueous solution and benzaldehyde when sufficient 
water is present to stop the homogeneous reaction. 

We may proceed as follows: 

:= number of grams of benzaldehyde originally present. 

= number of grams of benzaldehyde present at time t. 

= relative number of molecules of benzoin present. 

= total number of molecules present. 


Let A 
V 

A - y 
”2 

^ + y 


TABLE 1 


Quantities of solid anhydrous potassium cyanide corresponding to certain strong 

8olulio7is 


KCN taken 

A 

ITsO AODEIJ 

EFFECTIVE KCN 

(A - 0.17) 

YIELD OF BENZOIN 
IN ONE HOLK 

EQUIVALENT 
EFFECTIVE 
ANHYDBOl S KCN 

grams 

grams 

grams 

grams 

grams 

0.2 

0 0 

0 03 

Nil 

0 03 

0 2 

0 25 

0 03 

3.6 

2 22 

0 2 

0 50 

0 03 

2 4 

0 64 

0 3 

0 (1 

0 13 

0 12 

0 13 

0 3 

1 0 

0 13 

5 0 

6 5 

0 4 

0 0 

0 23 

0 3 

0 23 

0 4 

0 1 j 

0 23 

0 9 

0 31 

0 4 

1 5 1 

0.23 

4 7 

5 45 

0.4 

2 0 

0 23 

3 2 

1.43 


We assume that the rate of reaction is proportional to a constant de¬ 
pending upon the cyanide and water present and on the molecular con¬ 
centration of benzaldehyde. The reason for this is that by a process of 
trial and error, it has been found that this assumption gives better results 
than that involving the square of the benzaldehyde concentration. We 
have therefore for a solution, 

= fc y 
d/ A + y 

2 

A + y 


and 


— 2fc« + c) = y + Alxiy 
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Therefore 


t + c = 


y + 23.0 log y 
- 2k 


When < = 0, j/ = 10, so, 

33 -16.5 

® -2k ~ k 

-2fc = 2 = 5? 

c c 


Therefore, 


c{y + 23.0 log y) 
33 

TABLE 2 


Values of k for various solutions 


KCN TAKEN 

EITBCTIVB KCN 

WATER ADDED 

c 

C 

grams 

grams 

grams 



0 175 

0 005 

1 0 i 

-34 

0.49 

0 2 

0 03 

2 0 

-46 

0 36 

0 2 

0 03 

1 0 

-12.3 

1 1 34 

0 2 

0 03 

0 75 

-8 0 

2 1 

0 3 

0 13 

2 0 

-8 8 

1 9 

0 3 

0 13 

1 5 

-5 8 

2 8 

0 4 

0 23 

10 0 

-13 

1 3 

0 4 

0 23 

5 0 

-8 8 

1 9 

0.4 

0 23 

3.0 

-7 2 

2 3 

0 4 

0 23 

2 5 

-6 3 

2 6 


In figure 1 the curves indicated by dotted lines have been calculated by 
means of the above equation, with suitable values for c. While the agree¬ 
ment is not exact, the equations reproduce the general course of the ex¬ 
perimental curves. 

Table 2 gives the values of k for various solutions considered. In 
figure 4 these values are plotted against the quantities of water used. The 
curves for the same quantity of cyanide are regular. 

THE EFFECT OP INHIBITORS IN THE PRESENCE OF WATER 

It was shown by Lachmann (1) that potassium cyanide which did not 
yield benzoin with benzaldehyde alone, reacted when water was added. 
Water has thus the power of decreasing the inhibiting effect of the negative 
catalysts present in the cyanide. With a view to studying the effect of 
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negative catalysts in the presence of water some experiments were carried 
out on the addition of potassium iodide to solutions of pure potassium 
cyanide in water (figure 5). It will be seen that 0.1 g. and 0.2 g. of potas- 



TABLK 3 


The equivalenle in terms of anhydrous potassium cyanide of (he solution containing 

potassium iodide 


KCN TAKEN 

WATER ADDED 

IMPURITY 

ADDED 

EFFECTIVE 

KCN 

A - 0 17 

BENZOIN 

IN ONE HOt K 

EQUIVALENT 

EFFECTIVE 

ANHYDROUS 

KCN 

graniB 

grams 


(franis 

grama 

grams 

0 2 

0 25 

Nil 

0 03 

3 0 

2 22 

0.2 

0 25 

0 1 KI 

0 03 

2 01 

0 48 

0 2 

0 25 

0 2 KI 

0.03 

0 72 

0 23 

0.4 

0 5 

0 2 KI 

' 0 23 

5 2 

7 1 


sium iodide with 0.2 g. of potassium cyanide and 0.25 g. of water do reduce 
the rate of reaction, but the effect is more marked in the absence of water; 
0.1 g. of potassium iodide will prevent completely 0.2 g. of anhydrous po¬ 
tassium cyanide from reacting. 
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Figure 5 also compares the results with curves obtained in the absence of 
water. It will be seen that the curves with potassium iodide in the pres¬ 
ence of strong solutions of potassium cyanide are of the same type as those 
obtained with anhydrous potassium cyanide, so that we can deduce the 
equivalents in terms of anhydrous potassium cyanide of the solution con¬ 
taining potassium iodide (see table 3). 

Lachmann’s result quoted above was thus due to the capacity of water 
to reduce the effect of the negative catalysts. 

The results obtained in the investigations described in Parts I, II, and 
III of this study of the benzoin reaction may be summarized as follows: 

C 6 H 5 CHO/KCN 


Homogeneous auto- Heterogeneous reaction Addition of water 

catalytic reaction with solid potassium I 

with trace of dis- cyanide; affected by ^_ 1 _ _^ 

solved potassium inhibitors. j 

cyanide. | 

Heterogeneous reaction 
with solution; affc^cted 
by inhibitors. 

Homogeneous reaction 
with potassium cyanide 
dissolved in benzalde- 
hyde, gradually dimin¬ 
ishing as water is added. 


REFERENCE 

(1) Lachmann: J. Am. Chem. Soc. 48,708 (1924). 



COMMUNICATION TO THE EDITOR 

ON THE (C—BOND ENERGY 

The most probable experimental value for the heat of sublimation of carbon is 
154 ± 10 Cal. W. E. Vaughan and G. B. Kistiakowsky (Phys. Rev. 40, 457 (1932)) 
calculate 161 to 176 Cal., with the assumption of a considerable amount of C 2 in equi¬ 
librium in the saturated carbon vapor. 

Theoretically, the heat of sublimation Sc corresponding to the process 

C(‘‘N)d.am C(«P)«aB - Sq 

is given by 

Sc = 2Ecc — E* (1) 

where Ecc is the energy of the [C(®S) — C(^S^)]d»ain bond and E* the energy difference 
between the ^S and states of carbon (according to the Heitler-London valency 
theory, Cdiam is in the ^S state). 

Recently R. F. Baeher and S. Goudsmit (Phys. Rev. 46, 948 (1934)) have found 
from B. EdK'n’s measurements (Z. Physik 84, 746 (1933)) the value E* ^ 4 v.e. = 92 
Cal., instead of the former value E* ^ 1.6 v.e. = 37 Cal. (lleitler, W., and Herzberg, 
G.: Z. Physik 63, 52 (1929)). 

Equation 1 must therefore be written 

154 dr 10 Cal. « 2Ecc - 92 Cal. 

Consequently 

Ecc - 123 dr 5 Cal. 

and not 70 to 80 Cal. as is generally accepted. 

The usual value Ecc 75 Cal. would give, according to equation 1, Sc ^ 60 Cal., 
which is very improbable since, for example, the heat of sublimation of copper is 70 
Cal. 

A cycle starting from C 2 N 2 (i C 2 N 2 —> CN - 38 Cal. (Kistiakowsky, G. B., and 
Gershinowitz, II.; J. Chem. Physics 1, 432 (1933); Mooney, R. B., and Reid, H. G.: 
Proc. Roy. Soc. Edinburgh 62, 152 (1932)), with the new value of E* and with the 
exact value of /In, - 169.47 d: 0.11 Cal. recently obtained by G. Buttenbender and 
G. Herzberg (Ann. Physik 21, 577 (1935)) (/INj'^ 208 Cal. was the value used for¬ 
merly for therrnochemical calculations), gives for the dissociation energy of CN: 

CN(A'22) C(3P) + N(VS) - 165 d: 3 Cal. [7.2 v.e.] (2) 

or 

CN(X22) C(^S) -f N(^^) - 257 dr 3 Cal. (3) 

The value Dcn = 7.2 v.e. corresponding to equation 2, which gives a carbon atom 
in the state, is in good agreement wdth />CN =“ 7.09 v.e. obtained by R. S. Mulliken 
(Rev. Modern Physics 4, 1 (1932)) from spectroscopical data on the low er state 
of CN. 

It is clear that the new values of E*, and especially Ecc lead to important 
consequences for many problems of molecular structure and chemical calculations 
(cf. Norrish, R. G. W.: Free Radicals. General Discussion of the Faraday Society 
September, 1933, p. 103). 

W. Lasareff. 

Laboratory of Physical Chemistry, 

The University of Li^ge, 

Li^ge, Belgium. 

March 28, 1935. 
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NEW BOOKS 

Neuere masaanalytische Methoden. By E. Brennbckb, K. Fajans, N. H. Furman, 

AND R. Lang. 25 x 16 cm.; xi + 211 pp., with 15 diagrams. Stuttgart: Ferdinand 

Enke, 1935. Price: unbound, 18.(X) RM; bound, 19.80 RM. 

This work is divided into six sections: Section I, dealing principally with a 
standardized method of determining indicator corrections in acid-alkali titrations; 
Section 11, giving full details of the use of ceric sulfate in volumetric analysis; 
Section III, describing titrations by means of standard iodate or bromate solutions, 
as developed chiefly by Andrews, Lang, Berg and Manchot and Oberhauser; Section 
IV, setting out the advantages of chromous salts as standard reducing agents, and 
giving full details of the necessary indicator electrode and of many useful appli¬ 
cations; Section V, a discussion of the principles and uses of oxidation-reduction 
indicators; Section VI, an account of the theory and practice of the use of adsorption 
indicators. 

The names of the collaborators are a sufficient guarantee that the treatment of the 
sections associated with their work is authoritative; and in the last section, particu¬ 
larly, much useful and, in some cases, hitherto unpublished information is discussed 
in a concise and clear manner. 

The references testify to a careful search of the literature. The inclusion of an 
author from the U. S. A. may be partly responsible for an impartial treatment of the 
literature from that country, but British chemists, too, receive justice in this respect, 
although some of them suffer from incorrectly spelt names and one of them is given 
a wrong initial. Apart from this there are very few typographical errors. 

The work can confidently be recommended as being a comprehensive and careful 
survey of the vast mass of recent material which falls within its purview. Its price, 
however, as with so many new German books, is high even in terms of currencies on 
a gold standard, and is almost prohibitive in terms of depreciated pounds and dol¬ 
lars. This is unfortunate, for the book merits a wide circulation, particularly be¬ 
cause it shows that there is a fruitful field in which analysts and physical chemists 
can cooperate with mutual advantage. 

A. D. Mitchell. 

Gmelim Handbuch dev anorganischen Chemie, 8 Auflage. Herausgegeben von der 

Deutschen Chemischen Gesellschaft. 26 x 17 cm. Berlin; Verlag Chemie, 1934. 

(1) System Nummer 35: Aluminium. Teil B, Lieferung 2; pp. xvi + 309—13. 

Price: 49 RM. (2) System Nummer 4: Stickstoff. Lieferung 1; pp. v + 292. 

Price: 43 RM. Subscription price: 38 RM. 

(1) The section on aluminium deals with the silicates and double silicates, and 
contains a long and interesting section on ultramarine, in which the recent literature 
is very fully covered. The alums and the aluminates are also included. The text 
is fully illustrated by phase rule diagr(^ins and the results of physical and physico¬ 
chemical methods are considered in detail. This section of the work is of special 
interest from the point of view of physical chemistry and constitutes an invaluable 
source of information on many subjects of considerable technical interest. 

(2) The volume on nitrogen deals with the general chemistry of the element, 
including natural ammonia fixation and nitrification, with the physical and physico- 
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chemical properties of nitrogen (a very full account of the spectra being included), 
and with active nitrogen. The account of the technical production of nitrogen 
includes patent literature. There is a good discussion of the atomic weight of 
nitrogen in which analyses of a large number of researches are set out in a very clear 
and instructive form. This first section of the volumes on nitrogen is very complete 
and of high standard, and covers a very extensive field of literature. 

J. R. Partington. 

Free Radicals. A general discussion held by the Faraday Society. 25 x 15.5 cm.; 
2 + 248 pp. London; Gurney and Jackson, 1934. Price: bound, limp cloth, 12/6. 
Once more the Faraday Society has placed physical chemists under a debt of 
gratitude. The reports of the discussions which they organize at frequent intervals 
are now well-known and highly appreciated, alike by those who are, and those who 
would be, up-to-date in their knowledge of the latest developments. By bringing 
together distinguished workers in a special field, hearing and answering questions, 
they not merely present the subject but present it alive. 

This volume is most timely and will be most welcome. It indicates how much 
preparatory work has already been achieved—^work on the existence and preparation 
of free radicals—and these results are discussed by the men who have attained them. 
It also shows how the application of exact physiochemical methods to the available 
material may now be expected to lead to important conclusions. 

The first part (12 papers) deals with free radicals of relatively long life; the second 
with those of short life, and this is subdivided into chemical aspects (A) general 
and inorganic (5 papers), B, hydrocarbons (7 papers). The third part deals with the 
physical aspects of radicals of short life (5 papers). 

Part I opens with an account of prevalent carbon radicals, followed by a short 
paper by Schonberg on a new class of radicals having a free sulfur bond. Sugden 
gives an account of magnetism in free radicals due to an odd number of electrons. 
Sulfur monoxide and oxygen arc discussed; theoretical papers are contributed by 
HUckel, Lennard Jones, and Ingold; electronic levels are dealt with by Snow and 
Allsopp and the C~C double bond is specially considered. 

Part II opens with an account by Norrish of the photochemical production of free 
radicals, followed by a theoretical paper by Franck and Rabinowitsch. Part IIB 
contains important contributions by Bone, Rice, Paneth, Hartel, Polanyi, and others. 

Part III has an introductory paper by Mecke on free radicals and spectroscopy, 
and an account of the positive ray method of investigating the decomposition of 
hexane by Conrad (with some excellent photographs). There are papers by Harkins 
and by Willey on free radicals produced in the electric discharge, and one by Semenoff 
on the transference of energy in collisions. 

Taken together, the papers and discussions give an admirable idea of the state of 
knowledge and opinion on a subject which has only recently begun to attract much 
attention; they are very suggestive of developments in the near future. Much light 
is being thrown on the problems of molecular stability and molecular change. 

E. B. Ludlam. 

Gasentladungstabellen. Tabellen, Formeln und Kurven zur Physik und Technik der 
Elektronen und lonen. By M. Knoll, F. Ollendorff, and R. Rompb (with the 
collaboration of A. Roggendorf). 25 x 17 cm.; x + 171 pp. Berlin: Springer, 
1935. Price: 29RM (in cloth). 

The authors have attempted to give in this volume, in as convenient a form as 
possible, all the data likely to be required by workers with the discharge of ions and 
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electrons through gases at moderate down to very low pressures. These are by no 
means the least coy or elusive of the more out-of-the-way data of physics, and their 
tracing down, even in relatively simple special cases, taxes or overtaxes the resources 
even of a large library. In many sections of the subject, sufficiently precise and 
extended numerical data were practically nonexistent a few years ago, and all 
workers—even those favored ones who have enjoyed the help of a more experienced 
hand in the same laboratory—must have felt acutely the need for tables of the 
kind now under review. 

The book therefore undoubtedly fills a serious gap in the literature. The com¬ 
pleteness of the filling can only properly be judged after prolonged use of the book 
in the laboratory. The less stringent test of a fairly close inspection reveals no 
serious omissions or errors in the work, which contains not only a comprehensive 
summary of the relevant properties of atoms, molecules, electrons, ions, and photons, 
but also the equivalent of ^‘workshop hints’^ on the materials in common use in 
discharge tubes, and on high vacuum technique, together with a useful collection 
of mathematical formulie and tables. 

Some minor criticisms may be offered, mainly on matters of form; for instance, 
the unjustifiable piling up of i^wsignificant figures on some of the data, and the habit 
of referring the more inquisitive reader to the Uandbuch der Physik or similar works, 
and not to the original papers These points do not however affect the general 
utility of the book. 

The price is somewhat high, especially in sterling, but the book, with its elaborate 
tables and large number of specially drawn curves, cannot have been a cheap one 
to produce. 

H. R. Robinson. 

Pontgenoskopic und Elektrorwskopie von dispersen Systemen, Faden^ Filmeny und 
Grenzachichten. Sonderheft der Kolloid-Zeitschrift, Bd. 69, II. 3. Edited by Wo. 
Ostwald (12 contributors). 27 x 19.5 cm.; 138 pp. Dresden and Leipzig: Stein- 
kopff, 1935. Price: 9 RM (stiff paper cover). 

This volume presents the contributions of Ostwald, Schiebold, Brill, Fricke, 
Halle, Astbury, Hofmann, Saupe, Wever, Rupp, Trillat, and Bruche to the General 
Meeting of the Kolloid-Gesellschaft in Hanover in September, 1934. It provides a 
useful and authoritative general sketch for those washing to acquire some familiarity 
with these comparatively new applications of x-ray and electron optics, wdth some 
hundreds of references to original papers which will be invaluable to those whose 
interests are more specialized. 

H. R. Robinson. 

Dizionario di Chimica generalc c 'induatriale. Volume II. F-Z. By Michele Giua 
AND Clara Giua Lollini. 29 x 20 cm.; iii, 71 -f 1137 pp. Turin: Unione Tipo- 
grafico-Editriee Torinese, 1934. Price: 175 lire. 

This second, and final, volume of the Dictionary of Chemistry, containing 54 
more pages of text*than the first volume, covers the headings F-Z. Thus it is evi¬ 
dent that, even when allowance has been made for the difference in the Italian 
alphabet, the matter in this volume has been more condensed than in the previous 
one. The second volume contains 23 full page plates and 521 illustrations in the 
text, as against 28, and 565, respectively, in the first. In addition, the second volume 
includes 71 pages of comprehensive index to the whole, 2 pages of corrections, and 
a list of journals with their quoted abbreviated titles. 

The dictionary is comprehensive, dealing not only with pure chemistry, but also 
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its application and ronneetion with agriculture, biology, medicine, geology, etc.;it 
includes also biography. The biographies number altogether some 722 (living chem¬ 
ists have not been included); in many cases these are very brief, e.g., only 4 lines 
are devoted to Volta and rather more to Faraday, although fairly full references 
are appended to each from which fuller information may be sought. Further, in the 
case of the former, more information is found in the text under such headings as 
galvanic pile, electrochemistry, methane, and eudiometry, the cross references to 
which are not quoted in the biograph5^ Among the biographies one notices names 
like Marsh, Kipp, and 8elmi, but the absence of others, e.g., Hooke, Mayow, Watson, 
Hales, Rayleigh, and LeChatelier. 

A special feature has been made of phase rule diagrams, especially in the case of 
metals; this is to be expected as the authors had previously published a book on 
chemical combination among metals, which was translated into English by Robinson 
in 1918. Branches of chemistry especially important to Italy are detailed with much 
valuable information, e.g., vegetable and essential oils, mercury and its medicinal 
preparations, marbles etc. 

The high standard of production of the previous volume has been fully main¬ 
tained in the present one, and the whole constitutes a mine of interesting and ac¬ 
curate information. 

W. H. Patterson. 

Arsenical and Argentiferous Copper. By J. L. Gregg, with a foreword by H. Foster 
Bain. American Chemical Society Monograph. 189 pp. New York: The (Chemi¬ 
cal Catalog Co., Inc., 1934. Price: $4.00. 

This monograph was prepared at the Battelle Memorial Institute under the 
sponsorship of the Calumet and Hecla Consolidated Copper (-o. The author has 
made a thorough survey of the existing literature on the properties of arsenic- and 
silver-bearing copper and copper alloys, and in this monograph gives a detailed and 
critical discussion of the literature. He has not been satisfied with simply quoting 
the literature; he dis<;usses it at length and attempts to explain the discrepancies 
and to bring out the correct facts and figures. In this he was considerably aided 
by use of hitherto unpublished data of research w^ork done at Battelle and at the 
laboratories of the Calumet and Hecla company. 

Not only has the author made an admirable review and summary of the literature, 
but he has added to it valuable new material. It is unfortunate that some of the 
curves have been reduced too much in printing, making it rather difficult to read 
them correctly. The reviewer is in agreement with the foreword that *‘The mono¬ 
graph constitutes one of the most authentic and complete, as it is certainly the most 
up-to-date, of compendiums on the properties and uses of the metals. Nowhere 
else will so much modern knowledge of this ancient metal be found in so few pages.’* 

S. Skrowbonski. 

Etude thermodynamique de la tension superfidelle. By Raymond Defay. xi -f 372 
pp. Paris: Gauthier-Villars & Cie., 1934. • 

This book offers a detailed study of the thermodynamic treatment of capillary 
phenomena and of adsorption, applied not only to systems in equilibrium but also 
to irreversible transformations. Reaction velocity, catalysis, and velocity of ad¬ 
sorption are included in the topics treated by the author. The thermodynamic 
methods of Th. de Bonder furnish a basis for much of the discussion. 

This book can be commended to the attention of all serious students of the matters 
treated by the author. 


F. H. MArDOTTOALL. 
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The Aliphatic Free Radicals. By F. O. and K. K. RirE, with a foreword by F. A. 

Paneth. 204 pp. Baltimore: The Johns Hopkins Press, 1935. Price: $4.50. 

Professor Rice and his wife have presented in this volume a problem for solution 
in the field of reaction mechanism which is of fundamental importance not only in 
the theoretical realm but also in many fields of industrial activity. That problem is 
the determination of the extent to which the path from an initial to a final state in a 
number of processes involving organic chemical molecules and their dccomposition.s 
occurs through a series of steps involving the production of free radicals followed by a 
radical chain or chains. The authors show that, prior to Gomberg’s isolation of free 
radicals in 1900, the quadrivalence of carbon was the practical basis of organic 
chemistry in the preceding period. It was, however, not the Gomberg work but the 
development of the photochemistry ot atom reactions involving hydrogen, chlorine, 
bromine, etc., which in the interval from 1912 to 1925 laid the foundations for the* 
examination of the r61c of organic radicals in reaction mechanism. Paneth and 
Hofeditz, in 1929, by demonstrating the existence of free methyl in the decomposition 
of metal methyls by heat at low pressures, carried the problem into the field of ther¬ 
mal reactions. Since 1929, the mental attitude of those interested has undergone a 
great change from frank derision, through scepticism to reluctant admission of the* 
possibility of radical participation in organic mechanisms. Professor Rice and his 
tissociates are largely responsible for this change by their continued insistence on the 
supporting evidence and finally, w ith Herzfeld, by the demonstration that reactions 
kinctically simple as to reaction order can actually have a chain mechanism. 

This book will bo of great assistance in the research work w hich w ill be done in the 
next few' years to provide a decisive answer, affirmative or negative, to the issue 
raised. It details methods of preparation and identification of free radicals, ali¬ 
phatic ill nature. It sets forth their iiroperties, their lifetimes, their stabilities. A 
further chapter deals with bond energies and the effect of substitution and structure 
on bond strengths. It formulates the problem that must be solved,™-that of the 
activation energies of reactions involving free radicals. At first sight such a prob¬ 
lem may seem hopeless, but one can take courage from the progress that has been 
made with the corresponding atom reactions. There follow half a dozen chapters 
dealing w ith the various types of organic molecules that may give rise to free radicals 
by bond breakage, and a formulation and discussion in each case of hypothetical free 
radical mechanisms. A final chapter deals with the evidence for such mechanisms 
in organic liquid systems. The whole subject of radicals in reaction mechanism has 
been gathering momentum in recent years. Professor and Mrs. Rice have provided 
us with an excellent resum6 of our knowiedge as it now' exists and a challenge to our 
judgment in these matters for the future. 

Hugh S. Taylor. 

Schwebstoffc in Gasoi. Acrosole. By A. VVinkel and G. Jandbr. 25 x 16 cm. 116 

pp. Sammlung chemischer und chemisch-technischcr Vortnige. Stuttgart: 

Ferdinand Enke, 1934. Price: 7.50 RM. 

This monograph appears in the well knowm Sammlung chemischer und chemisch^ 
technischer VortrdgCj and deals with suspensions of fine particles of fog (mist or cloud), 
dust, and smoke in air or other gases. The subject is fairly w'ell treated, both from a 
scientific and practical standpoint, and the book will be of value to colloid chemists, 
physicists, meteorologists, and military tacticians. The authors are familiar wdth 
the notable w'ork of R. Whytlaw-Gray and his collaborators in this field, and devote 
a considerable amount of space to it. It is a pity, however, that they do not appear 
to know of the pioneer books of W. E. Gibbs (Clouds and Smokes, Churchill, London, 
1924; and The Dust Hazard in Industry, Ernest Benn, London, (1925). These two 
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books, together with the present one and the book by R. Whytlaw-Gray and H. S. 
Patterson {Smokej a Study of Aerial Disperse Systems^ Edward Arnold, London, 
1932), give a comprehensive account of practically all aspects of the subject. 

There is an interesting chapter in the present book on the electrical properties of 
aerosols—a subject of importance to aircraft pilots and meteorologists. The authors 
refer to the pioneer investigations of J. J. Thomson on the formation and stability 
of electrically charged droplets and of droplets whose surface tension is a function of 
the radius. These are both important subjects. It could not be expected that the 
authors would be familiar with that famous (or infamous) w-component system, the 
‘^London particular,’^ i.e., the yellow smoky fog that used to occur so frequently in 
the winter months. This **meteoric” monster has now, however, practically van¬ 
ished, owing to the increasing use of gas and electrical energy for heating and cooking, 
and of central heating systems employing oil or coke. 

The reviewer can recommend the following simple lecture experiment on the 
electrical coagulation of an aerosol. Take an old-fashioned bell jar (one fitted with 
a tubulure and cork at the top). Stick a metal wire well through the cork, and con¬ 
nect it with the secondary of an induction coil. Lift the bell jar from its glass plate, 
burn a piece of magnesium wire under it, replace it on the plate, and start the coil. 
In a few seconds the magnesium oxide aerosol will come down as a beautiful “snow” 
storm {verb. sap.). 

Although the specialist may detect certain lacunae in the book of Winkel and .lan¬ 
der, the authors have succeeded in compressing a great deal of highly interesting 
material into 111 pages, and their book may be recommended to a wide circle of 
readers. 

F, G. Donnvn. 

Fropi Galileo to Cosmic Rays. By Harvey Brace Lemon. 450 pp. (’hicago: Uni¬ 
versity of Chicago Press, 1934. Price: $5.00 (including stereoscope). 

The title of this work might lead one to suppose it to be another popular treat¬ 
ment of certain aspects of modern physics addressed to the adult reading public. 
While the author states that he had the latter somewhat in mind, it is essentially 
a pandemic textbook of elementary physics designed for the undergraduates in the 
“Chicago System.” The writer’s statement in the preface that the need has been 
felt of such a text under one cover in preference to allowing the student to browse 
among selected passages from miscellaneous sources is interesting. 

Since visual instruction is the watchword of the newer educational methods, the 
author has spared no trouble not only in illustrating the principles under discussion, 
but in providing marginal pen sketches on almost every page intended to enliven 
the subject and to catch and hold the reader’s interest. 

It is perhaps a matter for a psychologist to predict, or of experience to show, 
whether the desired end is to be attained in this way; whether, for example, compre¬ 
hension of the principles of the components of force will be facilitated if accompanied 
by a sketch of a canal boat with all details including not only the mule and driver 
but the family laundry being dried en route; whether an Alaskan dog team, an Alpine 
climber, an East Indian student (or is it merely the proverbial wet towel) are all 
essential on one page to illustrate work. Will the imagination be stimulated by that 
which leaves nothing to the imagination? Or is the imagination which is so dull 
as to need stimulation worth the effort and expense? 

The usual principles of physics are set forth, mainly following classical methods 
except in the matter of illustrations which undeniably are artistic and attractive. 
Although neutrons and positrons are described, one is surprised to find deuterium 
and deuterons neglected. 
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Those who are interested in a pandemic presentation of the principles of physics 
will find this work of undoubted value. It is not intended for a more serious or 
fundamental approach to the subject. 

S. C. Lind. 

The Science of Rubber. Handbuch der Kautschukwissenschaft. By K. Memmler, 
translated by R. F. Dunbrook and V. N. Morris. 770 pp. New York: Reinhold 
Publishing (Corporation, 1934. Price: $15.00. 

The editor has been assisted in the preparation of this treatise by seven collabora¬ 
tors, who join him in writing the various chapters into which the book is divided. 
The editors of the English edition have been assisted by a group of ten translators, 
all members of the Research Staff of the Firestone Rubber Company. 

The author wisely chose to ignore plant practice in the fabrication of rubber 
products and the factory technology of rubber, so as to devote his efforts exclusively 
to the science of rubber production, treatment, and testing. In carrying out this 
object, he has given a thorough presentation of the botany, cultivation, collection, 
and properties of rubber, the treatment of the latex to convert it to crude rubber, 
the chemistry of rubber and its derivatives, including artificial rubber, the theory of 
vulcanization, the analytical methods of testing, the physics of rubber, and the 
physical methods of testing. 

The work is replete with statistics, scientific data, and descriptions of methods 
which are of great value to all of those interested in any aspect of rubber production 
or treatment. The theories of the structure of rubber, of its polymerization, of 
vulcanization, of rubber as a disbursing medium, are all of great interest to the 
physical chemists as well as to organic chemists and chemical engineers. In fact 
any scifuitist not already familiar with the science and properties of rubber is sure to 
find new ideas extending into many different fields of physics and physical chemistry. 

In preparing this translation for the English reading public, a valuable service 
has been rendered in a very acceptable manner. The translators have made such 
additions and corrections in the way of footnotes as were necessary to make the work 
clear and to bring it up to date. They have checked the literature references and 
added an unusually well arranged and classified bibliography covering the entire 
subject. The work appears indispensable to all those interested in any of the scien¬ 
tific phases of rubber. 

S. C. Lind. 

Physical Chemistry. By A. J. Mee. 14 x 22 cm.; xix + 780 pp. London: William 
Heinemaiin, Ltd., 1934. Price: 15s. 

‘‘This book,” the author states, “sets out to give an up-to-date outline of the 
results and methods of Physical Chemistry. . . . The book is suitable for students 
who are preparing for the Higher School Certificate and Intermediate Science Exam¬ 
inations of the various Universities, for Universit}'^ Scholarships, and for University 
degrees up to Pass standard.“ In achieving the end which he had in view, the author 
has been very successful. In the book under review, we have a well-written and 
clear discussion of a wide range of topics, “all the topics usually dealt with under the 
heading of Physical Chemistry,” as the author assures us, including photochemistry 
and the methods used in determining the structure of the simpler molecules; and any 
student who masters this work will have a knowledge of physical chemistry which 
should carry him well beyond the standard for a Pass degree. Mr. Mee has given, 
on the whole, a remarkably clear and comprehensive survey of the whole range of 
physical chemistry, and he has taken pains to keep the mathematical treatment 
and the explanation of physical concepts as simple as is consistent with an exact 
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treatment of the subject. Sometimes, it is true, one feels that rather too great a 
comprehensiveness has been attempted and that the book may too easily lead to 
“cramming^^ on the part of the student. Useful summaries are given at the end of 
each chapter, together with a list of books and memoirs for further reading and a 
large number of questions and problems by which the student can test his mastery 
of the subject. The book is a readable and trustworthy introduction to physical 
chemistry and should serve very well the purpose for which it was written. 

Alex. Findlay. 

The Nitrogen System of Compounds, By Edward Curtis Franklin. American 

Chemical Society Monograph No. 68. 23 x 15 cm.; 339 pp.; 26 figs.; 12 tables. 

New York: Reinhold Publishing Corp., 1935. Price: $7.50. 

Nitrogen is unique among the elements in the multiplicity of types of chemical 
combinations into which it enters and in the diverse reactions which it exhibits. 
Nitrogen compounds have long been the object of many excellent and painstaking 
researches, and numerous volumes have been written on the subject of nitrogen chem* 
istry. Yet withal no single point of view has been set forth so far which is sufficiently 
broad and simple to realize a systematic classification of their reactions. The sim¬ 
plest and most powerful tool which has been proposed for the accomplishment of the 
above ends is that of the ‘^nitrogen’' system of compounds formulated by E. C. 
Franklin and developed by him and his students. The present monograph embraces 
the life-long work of Professor Franklin and summarizes a unique American develop¬ 
ment of chemical thought. 

Professor Franklin states that **the object of this monograph is to outline what we 
have chosen to call the nitrogen system of compounds and to bring to the attention 
of chemists the remarkable extent to wffiich the compounds of nitrogen simulate in 
their properties and behavior the analogous compounds of oxygen.’’ This purpose 
is kept paramount throughout the work. So also are the general objectives set for 
the A. C. S. monograph series. 

The essential idea of the ^‘nitrogen” system (more frequently referred to as the 
^^ammonia” system) is a simple one. Granting the dominating r61e played by 
oxygen in a majority of the more familiar types of chemical compounds (a relation¬ 
ship clearly expressed by Laviosier), the contention is that nitrogen similarly condi¬ 
tions the behavior of an equally large number of compounds. We are less familiar 
with the latter because of the natural abundance of water on this planet and of the 
chemist’s long enslavement to the use of water as a solvent and reaction medium. 
Impressed by the marked similarity between the physical and chemical properties 
of liquid ammonia and water, Franklin early sought to show that this resemblance 
extends to the derivatives of these two substances. In this manner he established 
two systems of compounds, an oxygen (or w'ater) system and a nitrogen (or ammonia) 
system, and showed experimentally that the corresponding mejmbers of both systems 
possessed similar physical properties and took part in essentially the same kind of 
chemical reactions. For the sake of clarity and emphasis, Franklin found it neces¬ 
sary to devise a nomenclature which would portray the behavior of nitrogen in the 
reactions of its compounds as the existent nomenclature so well portrayed the simil ar 
behavior of oxygen in the reactions of its compounds. Hence the use of the terms 
ammonation, deammonation, nitridation, ammonolysis, ammolytic, etc. 

With no thought of describing the behavior of the various representatives of the 
nitrogen system, it is well to note that one finds ammonates, ammono acids, bases and 
salts, acid anammonides, basic nitrides, ammonobasic salts, and salts of amphoteric 
amides whose chemical behavior closely parallels that of the oxygen compounds of the 
corresponding type. Further there are many substances which belong at the same 
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time to the nitrogen and oxygen systems, the nitrogen and sulfur systems, etc. A 
unique and significant contribution of the concept of a nitrogen system of com¬ 
pounds is the classification and correlation which it provides for the so-called mercu- 
riammonia compounds. The same concept is of tremendous value among organic 
compounds in its systematization of the chemistry of such a wide variety of materials 
as the amines (ammono alcohols and ethers), aldimines (ammono aldehyde-alcohols), 
ketimines (ammono ketone-alcohols), and hydramides (ammono aldehyde-acetals), 
Schiff^s bases (ammono aldehyde-ethers and ammono ketone-ethers), amidines 
(ammono carboxylic acids), nitriles (carboxylic acid aiiarnmonides), isocyanides 
(esters of ammonocarbonous acid), cyanamide and guanidine (ammonocarbonic 
acids), nitrosoamines and diazo compounds (derivatives of ammono- or aquo-am- 
mononitrous acids), and the nitrogen heterocycles such as pyridine (cyclic ammono 
aldehyde-ether). It might be argued that any concept based on analogy carries with 
it certain elements of weakness. Yet when this argument is applied to the concept 
of systems of compounds it loses much of its significance because the extreme fruit¬ 
fulness of the concept is sufficient evidence of its strength. 

As a presentation of exciting knowledge in its field, the book is remarkably com¬ 
plete and contains considerable material not otherw ise readily available. There can 
be no question that this book wdll greatly stimulate research in the field of nitrogen 
chemistry. Already the chemical literature gives ample evidence of the influence of 
Franklin’s ideas. Not only are investigators following his lead in interpreting reac¬ 
tions of nitrogen compounds according to the nitrogen system, but they are also 
proposing other systems of compounds to correlate behavior for substances other 
than those containing ammonia nitrogen. 

There seems to be only one factor which is likely to hinder the great usefulness of 
this monograph—the price asked for it prevents many students from realizing tludr 
desire to own it. 

A very desirable feature of the book is the appendix on the experimental manipu¬ 
lation of liquid ammonia solutions. It is to be hoped that w e may soon have avail¬ 
able a compilation of existing data relative to liquid ammonia solutions to 
supplement Professor Franklin’s monograph on the nitrogen system. 

W. CONARD FeRNELIUS. 

Colloidal Electrolytes. A general discussion held by the Faraday 8 ociet 3 \ 16 x 25 

cm.: 421 pp. London: Gurney and Jackson, 1935. Price: 18s. 6 d. 

The volume contains thirty-six main contributions to the subject, originating 
from twxmty different universities and research institutes distributed throughout ten 
European countries and the United States, and a considerable amount of critical 
discussion in which other schools of research arc represented. Such variety and 
number has naturally necessitated a very wdde meaning being attached to the title. 
In consequence this, the largest of the Faraday discussion volumes yet published, 
will probably be less easily comprehensible as a whole to individual w^orkers in the 
field than its forerunners. It should all the more prove extremely useful to them, 
since at least half the matter in it wdll be inmiediately relevant to any one interested, 
and the remainder may prove more relevant than might at first appear. The book 
will therefore be a stimulus as w^ll as a work of reference to recent progress. 

The subject is divided broadly into a general part and a special and technical part. 
The former comes mainly under the heading of theory, but includes also a short 
section on experimental methods. The latter is divided into five headings: (a) soaps 
and other long-chain electrolytes, (b) dyes, (c) silicates, (d) proteins, and (e) other 
substances. In the theoretical section thermodynamic and electrical properties are 
discussed from the points of view' of electrolyte and surface theory, and under the 
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special headings biological and industrial applications, as well as the special proper¬ 
ties of the substances concerned, are described. The absence of any general sum¬ 
mary of the work of McBain and collaborators, who contribute, however, two special 
papers, will disappoint those interested in soap-like substances, but on the whole the 
book is very well balanced and the society and its editor are certainly to be con¬ 
gratulated on their achievement. 

The binding in boards is an improvement on the old paper covers but is still 
insufficiently strong for a book which should find so much use. 

G. S. Hartley. 

Reports on Progress in Physics. Published by the Physical Society. 25 x 18 cm.; 

iv + 371 pp. Cambridge: Cambridge University Press, 1934. Price: 128. 6d. 

net to non-fellows. 

This is the first volume of a series of annual reports to be issued by the Physical 
Society, and it sets a very high standard for the future. It is a well printed and 
strongly bound volume of attractive appearance, and the contents range over several 
important branches of physics. Quantum mechanics and wave mechanics (Temple) ; 
the spiral nebulae and the expansion of the universe (MeVittie), and Burgers’ 
theory of turbulence (Trubridge) appeal to the mathematical physicist. Articles on 
surface tension (Ferguson), sound (E. G. Richardson), spectroscopy (in twelve 
sections, including one on wave length standards, by R. W. B. Pearse, H. Dingle, E. 
Gwynne-Jones, C. V. Jackson and A. Hunter), optics (by T. Smith, J. S. Anderson, 
J. Guild, and H. F. Buckley, all of the National Physical Laboratory), heat (by J. H. 
Awbery, of the same laboratory) and electric and magnetic measurements (L. Hart¬ 
shorn) are all highly practical and competent surveys of the modern position of each 
subject, not confined to very recent work and not at all mere abstract summaries but 
real authoritative monographs full of valuable information. Sections on electrical 
phenomena at extremely low temperatures (McLennan) and the physics of the atom 
(Andrade) arc perhaps the outstanding features of the volume, since they survey in a 
lucid and masterly way the whole aspect of each subject, and each gives a coherent 
picture of the position at the time of writing—now, it is true, already somewhat 
modified. A pleasing feature of the whole volume is the insistence on experimental 
method: good diagrams of apparatus, tables, and curves are given, and an overin¬ 
sistence on certain aspects of very modern physics has been successfully avoided by 
a wise choice of authors. The volume is one which every physical chemist should 
possess. 


J. R. Partington. 
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Various observtTs have reported that electrophoretic mobility is in¬ 
creased above the water value by the addition of uni-univalent salts. 
Powis (16) found the mobility of oil droplets to increase with added potas¬ 
sium chloride up to 2.5 X 10“® M and then to fall off. He also found (17), 
according to his table 1, that clouding of an oil emulsion after two days 
begins in 5 X 10“® M potassium chloride, where the zeta potential is 52 
mv. or electrophoretic velocity is 3.7^ per second per volt per centimeter, 
the zeta potential in water being 46 mv. With barium chloride, clouding 
after two days begins in 5 X 10~^ M, with a zeta potential of about 37 mv.; 
with aluminum chloride in 1 X 10~^ M with a zeta potential of 38 mv.; 
and with thorium chloride between 5 X 10"® and 1 X 10"® M with a zeta 
potential between 40 and 7 mv. However, Powis rather arbitrarily takes a 
break in the clouding-concentration curve as the criterion of the critical 
condition, this occurring in all cases at a higher concentration than that 
required to initiate clouding. At these critical concentrations so defined, 
the zeta potential is about the same with all the salts investigated, that is, 
close to 30 mv., which is taken as the critical potential. 

Powis (18), working with arsenic trisulfide sol, took the conditions 
obtaining in 5 X 10“^ M barium chloride as critical. Here coagulation is 
rapid and the zeta potential is 26 mv. The same degree of coagulation was 
first obtained in aluminum chloride at 5 X 10“® M with a zeta potential of 
25 mv. and in 7 X 10"® M thorium nitrate with a zeta potential of 26 mv. 
The zeta potential with the ‘*pure^' colloid was not determined, but he 
concludes that it would be less than 100 and probably less than 60 mv. 
With potassium chloride, however, the critical concentration was 4 X 10"^ 
M and the zeta potential 44 mv. Powis ascribes the higher critical poten¬ 
tial in potassium chloride to a salting-out effect due to the higher concen¬ 
tration required with univalent salts, i.e., the sol would still have been 
stable at a zeta potential of 44 mv., but for the salting-out effect. 

Kruyt and van der Willigen (9), working with arsenic trisulfide, selenium, 
and mercuric sulfide sols, do not carry the mobility-concentration curves 
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quite out to the flocking concentrations, but it is evident that with all the 
sols mobility at flocking concentration of uni-univalent salts is greater than 
for salts with bivalent cations. With the former salts the mobility usually 
increases continuously almost up to the flocking concentration. They 
conclude that electrophoretic mobility is not a true measure of zeta. They 
ascribe the increasing mobility with increasing concentration of univalent 
salts up to nearly the flocking concentration and the fact that mobility at 
flocking concentration is higher with univalent than with multivalent 
cations to (1) variations in dielectric constant produced by the relatively 
high univalent salt concentration required for flocking (3 to 8 X 10~2 M) 
and to (2) the probable incorrectness of the assumption that the mean 
distance between the electrical double layers equals the distance from the 
wall at which fluid velocity becomes constant. As to the first of these 
points, considerable difference of opinion exists regarding the effect of 
added electrolytes on the dielectric constant of water; the effect postulated 
by Kruyt may exist but cannot at present bo evaluated quantitatively 
(10). As to the second point, Koenig (6) has pointed out that this assump¬ 
tion is not essential to the derivation of the electrokinetic equations. The 
above results w'ere obtained with an ultramicroscopic method. Kruyt 
and Tendeloo (8) also find the mobility of lyophilic sols increased on 
addition of electrolytes, using a moving boundary method. However, 
in a later paper Bungenberg de Jong, Kruyt, and L(‘ns (2) question the 
earlier results, showing increased mobility in presence of electrolytes, and 
state that unpublished results of Kruyt and de Haan with a microscopic 
method show no such increase, the implication of this last paper appar¬ 
ently being that electrophoretic determinations properly carried out are a 
true index of zeta. 

Pcmiycuick (14) found the mobility of platinum sols to increase slightly 
in low sodium chloride concentrations and then to fall off slowly, being at 
the coagulating concentration about 80 per cent as great as in water. The 
critical mobility, i.c., that at the coagulating concentration, was about the 
same for barium chloride, barium hydroxide, and hydrochloric acid and 
was about half as great as the critical mobility in sodium chloride; the 
critical concentrations for barium chloride were much lower than for so¬ 
dium chloride, the latter being about 3 X 10”"^ 

Similar results with various sols have been reported by Ivanitzkaja and 
Proskurvin (5),^ by Briggs (1), and by various other workers. Freundlich 
and Zeh (3), however, find only a decrease of mobility of arsenic trisulfide 

^ The concentration figures of figure 2 of this paper are apparently ail too low 
by tenfold, evidently a typographical error; compare Pennycuick (Z. physik. Chem. 
148 , 419, 424 (1930)). 

* The results in their very dilute solutions, as with 1 X 10“^^ M potassium chloride 
added, can hardly be of any significance. 
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sol on adding potassium chloride or other univalent salts; they used the 
moving boundary method. Rabinowitseh and Fodimann (19) find that 
addition of potassium chloride decreases mobility of arsenic trisulfide sols 
if the acid content of the sol is low and increases it if the acid content is 
high; their results seem surprising in that after adding 7 X 10~^ M hydro¬ 
chloric acid, additional 2 X 10~® M potassium chloride exerts a significant 
effect. 

Various explanations for the incr(*asing electrophoretic mobility on 
addition of uni-univalent electrolytes have been proposed. Powis (18) 
believes that it is due to an actual increase in zeta, effected presumably by 
an increase in the charge? density by adsorption of added anions. The 
later fall in mobility in the higher concentrations would then be ascribed 
to a lessened diffusencss of the positive layer with a resultant lowering of 
zeta. That the higher critical mobility with univalent inorganic salts is 
dependent on the high concentrations required for coagulation is shown by 
the results of Briggs (1) with highly adsorbed univalent organic cations. 
With th(‘se coagulation is produced in low (concentrations, and the critical 
mobility is that common to all polyvalent cations. With the monovalent 
inorganic potassium cation Briggs agrees with other workers in finding an 
initial increase in mobility which may be back to normal in 5 X M, 
Briggs accepts the vi(*w of Kruyt and van der Willigen (7) that the main¬ 
tained or increasing mobility in relatively concentrat(Hl uni-univalent 
inorganic electrolyte^ solutions is due to an increase in dielectric constant 
rather than in zeta. Rabinowitseh and Fodimann could not consistently 
verify Freundlich and Z(di\s pr(»diction, wdiich w^as based upon a concept 
developer! by Hevesy (4) that if the* original zeta potential is greater than 
70 rnv., addition of electrolyte's will lower it to 70, while if the original value 
is less than 70, electrolytes will raise it to 70. Rabinowitseh and Fodi- 
mann’s explanation of the salt efft'ct appears to be self-contradictory. 
They first say that the chief factor lowering zeta is tlie replacement of 
hydrogen ions in the electrical layer by potassium ions; this occurs in their 
non-acidilied sols with a resultant lowering of mobility. This replace¬ 
ment is inhibited by an increasenl acidity of the medium, and therefore 
with an acidified sol the addition of potassium chloride does not lowxr the 
zeta potential or mobility. In the next paragraph, howTver, to explain 
the actual increase in mobility often seem in acidified sols on addition of 
potassium chloride, they assume that potassium ions form a more diffuse 
layer than hydrogen ions with a resultant increase in zeta. 

Pennycuick (14, 15) assumes that the strong affinity of the platinum 
surface for hydroxyl groups causes a hydrolytic cleavage of the salt, the 
basic cleavage product then reacting at the surface to form new ionogenic 
spots. It is difficult to acc('pt this explanation, however, since the addi¬ 
tion of a neutral salt to w^ater does not increase the hydroxide-ion activity. 
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In any case Pennycuick makes no attempt to explain the finding that the 
critical mobility with bases and neutral monovalent salts is higher than 
with salts of polyvalent cations. 

In a previous publication (White, Monaghan, and Urban (22)) it was 
shown that in water and dilute solutions the ratio of electrosmotic velocity 
on a plane Pyrex surface to electrophoretic velocity of Pyrex particles 1 to 
Sju in diameter was always greater than, unity. The ratio decreased as the 
concentration of added salt increased, becoming unity at a concentration 
between 10"^ and lO""^ M potassium chloride and at all higher concentra¬ 
tions. Although values for the absolute magnitude of electrokinetic 
velocity were not obtained at that time, it was pointed out that the dis¬ 
crepancy in the ratio was undoubtedly to be ascribed to retardation of the 
particles in dilute solutions. Several factors were assumed to be respon¬ 
sible for this retardation. Two of these, the decrease of (1) double layer 
thickness and (2) charge density, with decreasing particle radius, retard 
the particle by lowering the zeta potential. This effect is present whether 
or not an external voltage is applied; it will therefore contribute to the 
instability of the particle. A third factor, the distortion of the electric 
field by the particle, is of doubtful significance in the case of the conducting 
particles of metallic sols. The fourth factor, however, the polarization of 
the diffuse double layer by the external field, which was considered most 
important in causing deviation of the ratio from unity, applies to all 
particles in dilute solutions. Zeta, calculated from electrophoretic veloc¬ 
ity, will therefore be considerably lower than the electrosmotic zeta, lower 
also than the true zeta of the particle. Furthermore, it will appear to go 
through a maximum on the addition of salt when no maximum exists in 
the electrosmotic or true zeta-concentration curves. 

The bearing of these findings on the problem of critical potentials of 
lyophobic sols is obvious. Those salts which coagulate at low concentra¬ 
tions will appear to have a lower critical potential (measured by electro¬ 
phoresis) than the monovalent salts and bases which require much higher 
concentrations to precipitate. This apparently lower critical potential is, 
however, an artifact inherent in the electrophoretic method. 

It is diflScult to obtain electrosmotic measurements on surfaces identical 
with the colloidal sols used in coagulation studies. On the other hand, 
both electrosmotic and electrophoretic data may easily be obtained on 
glass and protein-coated glass surfaces. The present paper is concerned 
with the absolute magnitude of electrosmotic and electrophoretic velocities 
on glass and protein-coated surfaces as a function of electrolyte concen¬ 
tration. 


EXPERIMENTAL 

Both electrophoretic and electrosmotic velocities were obtained by 
observing microscopically the movement of particles at stated levels in a 
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Pyrex electrophoresis cell of the type described by Mattson (11). It fol¬ 
lows from the formula expressing electrosmotic flow of the liquid at different 
levels in a cylindrical cell (Mattson (12)) that true electrophoretic velocity 
in such a cell is the observed velocity of the particles at 0.147 of the diam¬ 
eter from the wall. True electrosmotic velocity is the velocity of the water 
immediately adjacent to the wall, or (with reverse sign) that of the water 
in the center of the cell. It may be obtained by subtracting algebraically 
the true electrophoretic velocity from the observed velocity of the particles 


TABLE 1 


Patasfiiuin chlonde-Pyrex at 37""C, 
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TABLE 2 

Potass i um chlor / de-Pyrex 


AT 25^: 


TION OF KCl 

Vp 
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APPAR¬ 
ENT fp 

fw 

molar 
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V /cm 

p/ttfC / 

V /cm 
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3 4 
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46 
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3 1 
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3 45 
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43 
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3.2 

2 0 

3 54 
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45 
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54 
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4 62 

7 61 

59 

96 

1 6 

0 83 

4 13 

4 13 

52 

52 

1 0 


2 24 

2.24 

' 28 

28 

1 0 


either at the wall or in the center of the tube. Both methods were used 
in the present experiments and gave good agreement. 

Table 1 contains the results of a typical experiment showing the effect 
of varying concentrations of potassium chloride on the electrophoretic 
mobility of Pyrex particles and the electrosmotic velocity at a Pyrex sur¬ 
face. Glass-distilled water with a conductivity of 1 to 1.5 X 10*“® mhos 
w^as used throughout. The particles were obtained by pulverizing Pyrex 
tubing in a porcelain mortar. A fairly uniform stock suspension of par¬ 
ticles about Ifi in diameter was obtained by fractional sedimentation. The 
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TABLE 3 


Hydrochloric acid-Pyrcx at S6°C. 
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TABLE 4 


Potassium ferrocyanidc-Pyrex at 27°C, 


CONCENTRATION 

OF Kc Fe(CN)6 
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TABLE 5 


Sodium hydroxide-Pyrex at 25°C, 


CONCENTRATION 

OF NaOH 
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H 2 O 
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TABLE 6 


Potassium sulfate-Pyrex at 25°C. 


CONCENTRATION 
OP KsSOc 
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0.92 
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cell was allowed to stand in chromic acid cleaning solution between experi¬ 
ments. The voltage across the cell was 116 volts, giving a field strength 
of 4.56 volts per centimeter. Vp represents true electrophoretic velocity; 
Ft« the true electrosmotic velocity. The sign refers to the electrode toward 
which the particles were observed to move at the levels indicated. The 
zeta values were calculated from the well-known formula: 


where V = velocity, rj = viscosity, E == field strength, and D = dielectric 
constant. The room temperature at which the expt?riments were per¬ 
formed is given for each experiment. 

TABLE 7 


Potassium chloride-gelatin at 


CELL 

CONrEN- 

TKATION 
OK KOI 

Vp 

r„, 

\PI*ABENT 

fp 

tw 

Tw 

Tp 


molar 

Hfser fv 'rm 

h/mc /v /cm 






II2O 

1 94 

3 34 

19 

32 

1 7 



10 ^ 

2 07 

3 64 

20 

32 

1 6 

Flat cell ^ 


10 -^ 

1 9() 

2 78 

18 

25 

1.4 



10-3 

1 75 

1 84 

17 

19 

1 1 

1 

J 

10'2 

0 94 

0 98 

9 1 

9 5 

1 04 



! IliO 

1 58 I 

3 54 

15 i 

34 

2 3 



10-6 

1 69 1 

3 43 

16 

33 

2 1 

Cylindrical cell . . ^ 


10 -' 

1 80 ■ 

3 38 

18 

33 

1 8 



10-3 

1 56 

2 22 

15 

22 

1 5 


j 

1 10 - 2 

1 01 ; 

1 01 

9 8 

9 8 

1.0 


Ill tables 2 to 7 only the velocities and the calculated zeta \ alues are 
given. Table 2 contains the results of two additional experiments on 
potassium chloride. Some variations in velocity at a given concentra¬ 
tion, especially in water and the more dilute solutions, arc perhaps to be 
expected, considering the great effect which small amounts of contam¬ 
inating substances may exert on the surface potential of glass. Tables 3 
to 6 show the effect of various other electrolytes on glass. 

Table 7 gives the results of two experiments on gelatin-coated glass 
surfaces in varying concentrations of potassium chloride. Each solution 
contained ^ g. per liter of gelatin, a concentration suflScient to coat the 
glass completely with a protein film. No attempt was made to regulate 
the pH. The first set of readings was obtained with a flat electrophoresis 
cell of the Northrop-Kunitz type. The field strength was determined in 
each solution from measurements of the current and the conductivity of 
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the solution. The experiment was then repeated, using the cylindrical 
Mattson cell. Since the gelatin itself contained a considerable amount of 
electrolyte (the specific conductivity of the gelatin solution in distilled 
water was 5.4 X 10“* mhos, corresponding roughly to that of a 2 X 10“® M 
potassium chloride solution) the addition of small amounts of potassium 
chloride had little effect on either electrophoretic or electrosmotic velocities. 

DISCUSSION 

It will be seen from the tables that, with the exception of sodium hydrox¬ 
ide, all the electrolytes investigated, including the tctravaJent Fe(CN)« 
anion, reduce the electrosmotic velocity at the glass-water interface. 
Similar results were obtained by Powis (16) with electrosmosis and by 
Kruyt and van der Willigen (9), using the stream potential method on 
glass capillaries. In spite of the fact that zeta is decreasing, the electro¬ 
phoretic velocity increases continuously up to concentrations of about 
JI//100 for the uni-imivalent electrolytes. Since the main factor (polari¬ 
zation of the double layer by the impressed field) discussed in our previous 
paper (22), which is responsible for the retardation of the electrophoretic 
mobility of glass particles, applies equally well to all particles in dilute 
solutions, it may be inferred that the metallic sols studied by Pennycuick, 
Briggs, Kruyt, and others have a higher potential in dilute solutions than 
that calculated from their electrophoretic mobility. The true zeta poten¬ 
tial can be measured by the electrophoretic method only in relatively 
concentrated solutions, about M/100 or more. When large concentra¬ 
tions of electrolyte are required for precipitation, as is the case with in¬ 
organic uni-univalent salts and bases, the elcctrophoretically measured 
critical potential probably represents approximately the true zeta potential 
of the particle at the coagulation point. This is not the case, however, 
for the acids and polyvalent cations which precipitate in concentrations 
so small that polarization of the double layer may occur; here the electro- 
phoretically measured critical potential is lower than the true zeta potential 
of the particle at that concentration. 

The explanation of Powis (18) for the higher critical mobility (which he 
considers as evidence for higher critical potential) with inorganic uni¬ 
univalent salts than with multivalent salts is that of a salting-out effect 
which lowers the stability of the particles without lowering zeta. It 
seems improbable to us, however, that such a low concentration as 5 X 10“® 
M potassium chloride could exert any significant effect of this type. The 
same statement applies, as pointed out by Weiser (21), to Kruyt’s postu¬ 
lated changes in dielectric constant. The changes in dielectric constant 
with added potassium chloride are about 2 to 3 per cent as the salt concen¬ 
tration is increased from 0 to M/lOO (Pechold (13); Walden and Werner 
(20)), whereas the variations in electrophoretic mobility are of the order of 
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50 per cent. It is, of course, possible to postulate greater deviations in the 
dielectric constant within the double layer itself, but such assumptions 
cannot be investigated experimentally. The point to be emphasized 
in the present paper is that no such assumptions are necessary to account 
for the facts that electrophoretic mobility (1) increases with increasing salt 
concentration, and (2) is lower at the critical concentration of the salts of 
polyvalent cations than it is at the much greater critical concentration of 
potassium chloride; an adequate explanation is to be found in the retarda¬ 
tion of electrophoretic mobility in dilute solutions, which has here been 
experimentally demonstrated. 


SUMMARY 

The electrophoretic mobility of small glass particles is found to be much 
less than the eh^ctrosmotic mobility at a glass surface in dilute electrolyte 
solutions, whcTcas the mobilities are identical in solutions of concentration 
M/100; the sam(' holds for gelatin surfaces. This is believed to be due to a 
retardation of the particles in dilute solutions, chiefly because of the 
polarization of thc^ double layer by the applied field. On this basis the 
increase in eh'ctrophoretic mobility (with increasing concentrations of 
neutral univalent salts) while electrosrnotic mobility is decreasing is 
(explained. Also, the apparently lower critical potential obtained with 
electrolytes which coagulate in low concentrations as compared with those 
which r(‘quire higher concentrations is considered to be an artifact, due to 
th(». impossibility of calculating the zeta potential from electrophoretic 
mobility in dilute solutions. It is thus concluded that the mobilities of 
particles in critical conccuitrations of polyvalent salts are abnormally low, 
rather tlian, as has usually been assumed, that the critical potentials with 
inorganic monovalent salts are abnormally high. According to this 
concept the critical mobility in inorganic monovalent salt solutions 
is a true measun', while the true zvia potential in the critical con¬ 
centrations of polyvalent salts is higher than that indicated by mobility 
and may be the same as that with inorganic monovalent salts. The often 
reported finding that the apparimt zeta, as measured by electrophoresis, is 
higher in the critically flocking concentration of uni-univalent salts than 
it is in lower concentrations or in water, where the sol is stable, is given an 
explanation. 

The work reported in this paper was aided by a grant made by the Rocke¬ 
feller Foundation to Washington University for research in science. 
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It lias rec(‘iit]y boon shown (White, Monaj^han, and Urban (G)) that the 
oloctrophort'tio mobility of microsoopie Pyrex particles is much less in 
dilute solutions than clectrosmotic mobility in Pyr(‘X cells. Since, how¬ 
ever, the particles (prepared by pulverizing Pyrex tubing in a mortar) 
had broken surfaces, while the surface of the cell was fused Pyrex, the 
possibility reinaiiu'd that the observed discrepancies in electrophoretic 
and clectrosmotic mobilities were due to differences in the adsorptive 
properties of fused and unfused surfac(\s rather than to differences in the 
ph(»nomenon of elo(;trophoresis as compar(‘d with (d(‘ctrosmosis. The 
object of the present pape^r is (1) to prepare fused Pyrex spheres 3/x or less 
in diameter and (2) to compare the electrophoretic mobility of such spheres 
with (a) the electrophoretic mobility of broken Pyrex particles and (b) 
electrosmotic mobility at fused Pyrex surfaces. 

A method for the preparation of microscopic glass spheres has been 
described by Sklarew (4). A simph^r and much less bulky apparatus for 
th(» preparation of small (piuntities of fused powder was designed with the 
help of J. H. Zimmer.^ 

The apparatus consists of a glass chainb(‘r, A, which holds the pow'der. 
A stirrer shaft, B, bearing a stirrer, C, which is beneath the powder, and 
wings, D, which agitate the air above the powd(T, is driven by an air 
turbine, E. The fine mist of glass powder is carried up through the alun- 
dum heating tube, F, and settles in the glass collecting chamber, G, which 
is covered loosely enough to allow escape of the air. Tlie upward velocity 
of the particles depends upon the height of the heating tube, the extent to 
which it is heated, and the size? of the air inlet, H. The collecting chamber 
is supported by a rod, I. A narrow section of the alundum tube is heated 
to white heat with an oxygen flame, the tube being heated and cooled 
gradually in order to prevent cracking. When the air intake is so adjusted 
that the particles move upward with a slow and uniform velocity, all of the 
particles up to lOju in diameter are fused in passing through the heated 


^ Departmental mechanic. 
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portion of the tube and on microscopic examination are seen to be perfect 
spheres. 

Both electrophoretic and electrosmotic measurements were carried out 
in a Pyrex electrophoresis cell of the type described by Mattson (1). In 
such cylindrical cells the water is at rest at a depth of 0.147 diameter from 
the wall (Mattson (2)); consequently the observed velocity of the particles 
at this depth is true electrophoretic velocity. Electrosmotic velocity of 
the water in the cell may be obtained by subtracting electrophoretic voloc- 



Fig. 1. Apparatus for Preparation op Microscopic Glass Spheres (X i) 

ity from the observed velocity of the particles at the center of the cell. 
Both particles and cell were previously cleaned in chromic acid cleaning 
solution, the acid being removed by repeated washings in distilled water. 
The electrokinetic potential, f, was calculated from the well-known 
formula: 

, _ irVTI 

^ “ ED 

where V represents either electrosmotic or electrophoretic velocity, rj the 
viscosity of the medium, E the applied field strength, and D the dielectric 
constant of the medium. 










C0MPABI80N OF ELECTBOKINETIC POTENTIALS 


937 


As a further check, electrosmotic experiments wen* also carried out on 
several Pyrex capillaries by the method described by Quincke (3). This 
consists in the measurement of the head of pressure developed by electros- 
mosis in a capillary of known radius under an applied e.m.f. A diagram 
of the apparatus is shown in figure 2. The Pyrex capillary, 0, is con¬ 
nected by transparent rubber tubing to the open reservoir, R, and the 
closed vessel, V. Platinum discs, P, are sealed into the two arms of the 
apparatus close to the rubber connections so that practically all of the 
potential drop is across the capillary. Platinization of the electrodes 
permitted large currents to b(* used.- A larger capillary, the climbing tube 
T (about 1 mm. in diameter), is eoimected with the closed arm of the 
apparatus with rubbt^r tubing. When a voltage is applied across the 
capillary (*, the meniscus rises or falls in the climbing tube T according to 
the direction of the current. Since the cross section of T is very small 
with respect to that of R, th(‘ level of the liquid in R may be considered to 



Fig. 2. Apparatus for Electrosmotic Measurements in Single Glass 

Capillaries 

be constant and the entin' (change in level takes place in T. I'ln* hori¬ 
zontal projection of the movement of the meniscus is iru'asured by means 
of a microscope fitted with a calibrated scale in the eyepiece. The vertical 
height through which thc‘ liquid rises or falls for a given applied e.m.f. is 
the product of the tangent of the angle, a, which the climbing tube makes 
with the horizontal and the horizontal proje(*tion. The capillary C and 
the climbing tubi^ T are thoroughly cleaned by heating in chromic acid 
before each determination. The electrokinetic potential is calculated from 
the formula: 

Pwl'^ 

^ ~ Wd 

where P is the pressure change, r the radius of the capillary C, H the total 
E.M.F. between electrodes, and D the dielectric constant. 

* In all experiments 350 volts were applied to the cell. This was conveniently 
supplied by a constant voltage “power pack,“ the output d.c. voltage showing 
fluctuations not greater than 0.01 volt. We are indebted to Dr. H. B. Peugnet of 
this department for the loan of this apparatus. 
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The results of electrophoresis and electrosraosis experiments in the 
closed cell are given in tables 1 and 2. Vp and Vv, represent the velocity 
of the particles and the liquid, respectively, for an applied field of 1 volt 
])er centimeter. The results show that, within the limits of experimental 

TABLE 1 


Eiectrophoresu of unfvsed Pyrex particles and electrosmosis at a fused Pyrex surface 

at WC. 


rONCBNTRATION 
OF KCl 

Vv 


ip 

fir 


moles per liter 

HjO 

3 4 

10 0 

44 

130 

2.9 

II 2 O 

3.3 

9 7 

43 

126 

3 0 

10-“* 

3.4 

7.6 

44 

99 

2 2 

10”3 

4 0 

5.6 

52 

73 

1 4 

10~> 

3 1 

3.0 

40 

39 

0 98 


TABLE 2 

Electrophoresis of Pyrex spheres and electrosmosis at a fused Pyrex surface at 


rONCBNTRATION 

or KCl 

Vp 

Fu, 

ip 

iw 

r> — i^ 
ip 

moles per liter 

H 2 O 

3.1 

8 6 

40 

112 

2 8 

H 2 O 

2.9 

8 7 

38 

113 

3 0 

10 -* 

3 2 

7.3 

42 

95 

2 3 

10 -’ 

3 7 

5 1 

48 

66 

1 4 

10 -* 

3 0 

3.1 

39 

40 

1.02 


TABLE 3 

Electrosmotic zeta potentials of Pyrex capillaries 


Quincke method 


CONCBNTRATION 
OP KCl 



ZETA POTENTIAL 



Capillary radius « 2 68 X lO**^ cm. 

Capillary radius “ 1.60 X 10“* cm 

Mean 

mules per liter 

H 2 O 

102 

109 

114 

103 

112 

123 

111 

10 -* 

103 

101 

93 

96 

103 

93 

98 

10-3 

92 

78 

85 

86 

80 

80 

83 

10-3 

50 



53 

59 

52 

53 


error, the fused Pyrex spheres move with the same velocity as the broken 
particles, and that the velocity of all the particles is less than electrosmotic 
velocity in solutions less concentrated than M/100. As previously stated 
(White, Monaghan, and Urban (6)) the discrepancy between electro- 
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phoretic and electrosmotic velocities is believed to be due to a retardation 
of the particles because of several factors, chiefly the polarization of the 
diffuse double layer by the applied field. 

Table 3 contains the electrokinetic potentials calculated from electros¬ 
motic measurements by the Quincke method. Two capillaries of different 
radii were used. Three sets of determinations were made on each capillary, 
the determinations being made on different days with different samples of 
water. Each figure in the table represents the average of three determina¬ 
tions for each direction of current flow, these determinations agreeing 
among themselves within 10 per cent. It will be seen that the zeta poten¬ 
tials calculated from the Quincke method show satisfactory agreement 
with those obtained from electrosmosis in the closed cell, and are very 
much greater in dilute solutions than electrophoretic “zeta potentials.’’ 
The rather wide discn^pancy be^tween the mean of the Quincke valu(‘s in 
M/100 potassium chloride and the two values obtained for electrosmotic 
zetas in the clos(‘d cell is probably to be ascribed to experimental error 
rather than to any fundamental difference in the two methods. The 
means of several determinations of electrosmotic zetas in the closed cell 
reported elsewhere (White and Monaghan (5)) agree quite well with the 
values obtained here with the Quincke cell. 

SUMMARY 

1. A method is describ(*d for the preparation of microscopic glass spheres. 

2. The electrophorc'tic velocity of Pyrex spheres is found to be the same 
as that of unfused Pyrex particles. 

3. The electrophoretic velocity of Pyrex particles (fused or imfused) is 
much less in dilute solutions than electrosmotic velocity at a fused Pyn'x 
surface, the latter being measured by two independent methods. 

The work reported in this paper was aided by a grant made by the 
Rockefeller Foundation to Washington University for research in science. 
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The measurement of electrode potentials in sugar solutions has been 
frequently and advantageously employed by many workers to determine 
the pH of such solutions and to gain further insight into the oxidation- 
reduction behavior of the sugars. In making such measurements, potas¬ 
sium chloride salt bridges are almost universally used to connect the 
electrode in the sugar solution with the reference electrode,—^ calomel 
half-cell, for instance. 

Such procedure is not invariably safe. That is, if the sugar solution is 
too alkaline, or has been heated too much, or both, the solution may have 
present in it so high an ionic concentration that even a saturated potassium 
chloride salt bridge can not completely ^^smother out^^ the liquid junction 
potential. Urban and Shaffer have fully demonstrated that the junction 
potential between a saturated solution of potassium chloride and an even 
moderately alkaline solution of glucose is not a negligible quantity. 

The purpose of this note is to present evidence that if the pH of the 
sugar solution does not greatly exceed 10, a saturated potassium chloride 
salt bridge may be relied upon to eliminate effectually all significant 
liquid junction potentials, no matter how concentrated the sugar solution 
may be. No attempt is made to explain the ionic mechanism involved in 
liquid junction potentials in general. 

For the purposes of comparison, platinized platinum electrodes were 
immersed in two kinds of solutions, namely, normal hydrochloric acid and 
concentrated glucose. Both kinds of these solutions were connected to 
saturated calomel electrodes by potassium chloride salt bridges. Readings 
are given in table 1. 

Columns 3 and 6 give the differences between the readings of the cells 
which included the stronger potassium chloride bridges and the reading of 
the cell with a 0.05 N bridge. 

In the case of the solutions of N hydrochloric acid, there is seen to be a 

‘ Present address, Rockville Centre, Long Island, New York. 

* Present address, Toronto, Ontario, Canada. 
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difference of 0.0167 volt between the readings of the cells with salt bridges 
of N and of 5 N potassium chloride. Such a difference may possibly be 
construed to mean that a greater concentration of potassium chloride than 
6 Nf if it could be prepared, would eliminate still more junction potential; 
namely, that even a saturated potassium chloride salt bridge fails appre¬ 
ciably to eliminate all the junction potential. Fales and Mudge, however, 
have expressed the belief that saturated potassium chloride bridges actually 
eliminate all but negligible junction potentials under these conditions. 

In considering column 5 in table 1, it is seen that the junction potentials 
involved in even concentrated glucose solutions of pH as high as 10 are 
much less than those for N hydrochloric acid. The reading for the satu¬ 
rated bridge is but little different from that of a N potassium chloride 
bridge. Since a fivefold increase in the concentration of potassium chloride 
produces only a small difference in the over-all rc^ading of the cell, it seems 


TABLE 1 

Over-nil readingHy in volts^ of the various cells at 30°C. 


(1) 

NORMALITY OF KCl 

IN BRIDGB 

APPROXIMATELY NORMAL HCl 

80LTJTI0NS OP 60 0. GLUCOSE IN 
100 rc BUFFER pll 10 

(2) 

Readings 

(3) 

Differencee 

(4) 

Readings 

(5) 

Differenoew 

0 05 

0.3102 

0 

0 8527 

0 

0.10 

0 3000 

0 0102 

0 8506 

0 0021 

0.50 

0 2742 

0 0360 

0.8464 

0 0063 

1 00 

0 2633 

0 0469 

0 8459 

0 0068 

5 (saturated) 

0 2466 

0 0636 

0.8456 

0 0071 


reasonable to suppose that even a N potassium chloride bridge eliminates 
most of the junction potential and that a saturated bridge eliminates 
practically all of it. 

Likewise we may assume that a solution of an infinite concentration of 
potassium chloride, if such were possible, could eliminate absolutely all 
such potential difference. In considering these data in the light of this 
assumption, we noticed that the values in column 5 fulfilled, within the 
limit of experimental error, the relationship demanded by the following 
equation: 

Y = 

where 7 = junction potential eliminated in excess of whatever is eliminated 
by a 0.05 iV potassium chloride bridge. Y = 7'when a:, the concentration 
of potassium chloride, becomes infinitely large. K = a constant. 

Since the above formula holds quite accurately throughout the range 




JUNCTION POTENTIALS BETWEEN SOLUTIONS 


943 


of all concentrations of potassium cliloride that can be prepared, it is 
iuteresting to note that, according to this formula, the difference between 
the reading for a saturated bridge and the reading for a bridg(' of a concen¬ 
tration of potassium chloride of infinity is only 0.00010 volt. We therefore 
conclude that for the purposes for which most potential measurements are 
made on glucose solutions, the solution junction potential may be ignored 
wiien saturated potassium chloride salt bridges are used and the pH of the 
glucose solution does not greatly exce(‘d 10, provided also that the sugar 
solution has not been heated or tr(‘ated in any way that produces a large 
amount of ionized decomposition products. 
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The oxidation potential of the ferrocyanide-ferrieyanidc system has 
been det(‘rmined by a number of investigators (1, 3, 8, 9, 10, 11, 12, 13). 
After the introduction of the Debye-Hiickel theory of strong electrolytes, 
this system becomes of special interest, since we are dealing here with 
highly unsymm(‘trical salts of liigh valence type. If potassium ferro- 
cyanide and potassium ferricyanide behave like strong electrolytes, the 
oxidation potential should be greatly affected by a change of the ionic 
strength of the solution. In the first place, the purpose of this study was 
to determine the potential of the potassium ferrocyanide-potassium 
ferricyanide' system at varying ionic strengths and to extrapolate the value 
to an ionic strength of zero; in other words, to determine the normal po¬ 
tential of th(‘ system. In addition, the potential of a very dilute ferro- 
ferricyanid(' solution was determined in the presence of different neutral 
salts at varying ionic strengths, in order to test the applicability of the 
Debye-Hiickel equations. 

At extremely small ionic strengths, the relation between the activity 
coefficient of an ion and the ionic strength of the solution is given by the 
expression: 

-log/= 0.5s'(1) 

at 25®C. in water, in which z is the valence of the ion, and p the ionic 
strength. The oxidation potential E of the system fcrrocyanide-ferri- 
cyanide at 25°C. then is given by: 

E = to + 0.0591 log — 

“Feoc"' 

= «0 + 0.0591 log ^ (2) 

Cfo--- h 

* From the experimental part of a thesis submitted by William J. Tomsioek to 
the Graduate School of the University of Minnesota in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy, 1934. 
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The normal potential eo denotes the potential referred to the normal 
hydrogen electrode in a system in which the activity of the ferricy- 
anide is equal to that of ferrocyanide apeM”- <^Fe’ta' Cpe„, 

represent the corresponding concentrations, whereas fz and /i represent 
the activity coefficients of the ferricyanide and the ferrocyanide ions. 
If the limiting Debye-Hiickel expression (equation 1) holds at extremely 
small ionic strengths and the system contains equimolecular amounts 
of potassium ferricyanide and potassium ferrocyanide, it is found from 
equations 1 and 2 that: 

E = to + 0.0591 log ^ = €0 + 0.0591 X 3.5 Vm (3) 

Ji 

Therefore if the limiting Debye-Hiickel expression holds, the measured 
potential E sliould change by 0.2068 volt for one unit change in the square 
root of the ionic strength. 

The practical work in this study involves the use of a cell with liquid 
junction, the ferro-ferricyanide half-cell being measured against the 
quinhydrone electrode in a mixture containing 0.01 of an equivalent of 
hydrochloric acid and 0.09 of an equivalent of potassium chloride per liter, 
the saturated potassium chloride-agar salt bridge being used for making 
electrolytic contact between the two half-cells. No correction has been 
applied for the liquid junction potential, which is very small in dilute 
solutions containing potassium ferrocyanide and potassium ferricyanide, 
but may be greater in the presence of larger amounts of neutral salts. 
The introduction of the liquid junction potential, how^ever, does not invali¬ 
date the conclusions arrived at in this paper. 

EXPERIMENTAL PART 

Materials used 

K4Fe(CN)6*3H20. A c.p. product of potassium ferrocyanide was 
recrystallized twice from conductivity water and kept over deliquescent 
sodium bromide hydrate. An analysis of the salt showed that it had the 
theoretical composition. 

K 3 Fe(CN) 6 : A c.p. product of potassium ferricyanide was recrystallized 
twice from conductivity water and dried over anhydrous calcium chloride. 

The various salts used in this work had been analyzed by W. Bosch 
and had been used in a previous study (4). C'onductivity water was used 
throughout this work. 

Apparatus and method for the measurement of the potential 

The potential of the ferro-ferricyanide system was measured in a Pyrex 
cell as shown in figure 1, a piece of bright platinum gauze serving as elec- 
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trode. One terminal of the potassium chloride-agar salt bridge was 
placed in the side well b, thus preventing diffusion of potassium chloride 
from the bridge into the main body of the solution. Nitrogen gas from a 
tank was introduced through c. Oxygen gas was removed from the nitro¬ 
gen by passing the gas through electrically heated copper gauze at 500®C. 
The solution in the standard reference half-cell (0.01 N hydrochloric acid, 
0.09 N potassium chloride saturated with quinhydrone) was prepared fresh 
every day. The normal potential of the quinhydrone electrode is 0.6990 
volt at 25°C. Assuming that the paH of the acid mixture in the quin- 



Fio. 2. 

Ratio of KsFeCCN)# to K 4 pV(CN) 6 :o, ratio 1:1; a, ratio 10:1; □, ratio 1:10. 
D. H., calculated from simple Debye-Huckel expression. 

hydronc half-(^cll is equal to 2.075^, we find that the potential of the latter 
against the normal hydrogen electrode is equal to 0.5764 volt at 25®C.^ 

All the measurements were made in a thermostat at 25°C.± 0.05°. 
Various salt bridges were used, all yielding the same values. The measure¬ 
ments were made with a Leeds and Northrup student potentiometer. For 
the dilution experiments a stock solution containing 0.1 M potassium 
ferrocyanide and 0.1 Af potassium fcrricyanide was carefully prepared by 
weight from the pure salts. This stock solution w’as kept in the dark and 

* Recently Guggenheim and Schindler (J. Phys. Chera. 38,533 (1934)) gave evidence 
that the paH of the standard acid mixture used in the quinhydrone electrode is 
equal to 2.10. 
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prepared fresh each day. The solutions from 0.1 to 0.004 molar were 
found to give the same potential in air as in a nitrogen atmosphere. The 
potential of the 0.004 molar solution in air referred to the normal hydrogen 
electrode was 0.4009 volt after 5 minutes and 0.4011 volt after 60 minutes. 
The same solution in a nitrogen atmosphere gave readings of 0.4011 and 
0.4012 volts after 5 and 60 minutes respectively. More dilute solutions 
gave higher readings in air than in nitrogen. The potential of the 0.0004 
nu)lar solution was measured at least ten times during the course of the 
investigation. In a nitrogen atmosphere, the values found after 5 minutes 


TABLE 1 


Oxidation potential of equimolecular mixtures of potassium ferrocyanide and potassium 

ferricyanide 


M 

M 

Vs 

IS 

(against standard 
Q tJINHYDRONB) 

E 

(against normal 

HYDROGEN 

ELECTRODE) 

0.1* 

1 6 

1.265 

0 1178 

0 4586 

0.04 

0 64 

0.8 

0.1362 

0 4402 

0 02 

0 32 

0,5657 

0 1490 

0.4276 

0.01 

0.16 

0 4 

0.1610 

0 4154 

0.007 

0.112 

0 334 

0.1670 

0.4094 

0.004 

0.064 

0.253 

0.1753 

0 4011 

0.002 

0.032 

0 173 

0.1856 

0 3908 

0.001 

0.016 

0.1265 

0.1930 

0 3834 

0.0008 

0.0128 

0.1131 

0.1950 

0 3814 

0.0004 

0 0064 

0 08 

0 2010 

0 3754 

0.0002 

0 0032 

0 0566 

0.2050 

0 3714 

0 0001 

0 0016 

0 04 

0.2100 

0 3664 

0 00008 

0 00128 

1 0.0358 

1 0.2112 

0 3652 

0 00006 

0.00096 

0 031 

0 2122 

0 3642 

0.00004 

0 00064 

0.0253 

0.2145 

0 3619 


* M = 0.1 designates that the concentrations of both potassium ferrocyanide and 
potassium ferricyanide are equal to 0.1 mole per liter. 


remained unchanged for periods of twelve hours and more. The various 
readings agreed within ±0.0003 volt, the average being 0.3754 volt. The 
reproducibility of measurements with solutions from 0.0004 to 0.00006 
molar was within 0.0005 volt. Each of the solutions was prepared fresh 
and measured at least four times. 

Light was found to have a distinct effect on solutions whose concentra¬ 
tions were 0.0004 M or less, the e.m.f. tending to increase in light. All 
measurements were therefore made in a darkened room. Under these 
conditions, the potentials of even the most dilute mixtures remained 
constant for at least one hour. 
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Experimental results 

Table 1 gives the average of the results of measurements with equi- 
molecular mixtures of potassium ferrocyanide and potassium ferricyanide, 
p representing the ionic strength. The value of eo was found by plotting 
the measured values of E against Vm on large cross section paper and 

TABLE 2 


Oxidation 'potentials measured in a mixture containing K 3 Fe(CN )6 and K 4 Fe(CN )6 

in the ratio 10:1 


KiFe(CN)4 

K4Fe(CN)4 

TOTAL n 

Vm 

E 

(aoainbt 

BTANDARD 

QUINHY- 

drone) 

E 

(AOAINBT 

NORMAL 

HYDROGEN 

ELECTRODE) 

4 

CALCULATED 

M 

M 

1 





0 1 

0 01 

0 7 

0 8366 

0 0723 

0 5041 

0 4450 

0 04 

0 004 

0 28 

0 529 

0 0898 

0 4866 

0 4275 

0 02 

0 002 

0 14 

0 3742 

0 1020 

0 4744 

0 4153 

0 01 

0 001 

0 07 

0 2646 

0 1130 

0 4634 

0 4043 

0 004 

0 0004 

0 028 

0 1673 

0 1258 

0 4506 

0 3915 

0 002 

0 0002 

0 014 

0 1183 

0 1337 

0 4427 

0 3836 

0 001 

0 001 

0 007 

0 08:^7 

0 1398 

0 4366 

0 3775 

0 004 

0 00004 

0 0028 

0 0530 

0.1462 

0 4302 

0 3711 


TABLE 3 

Oxidation potentials measured in a mixture containing K 3 Fe(CN)c ayid K 4 Fc(CN )6 

in the ratio 1:10 


KiFo(CN)« 

K4Fo(CN)* 

TOTAL H 

Vi 

E 

(against 

STANDARD 
QUINHY- 
DRONE) , 

E 

(against 

NORMAL 
H'kDKOGEN 
ELECT llODL) 

€0 

CALCULATED 

M 

M 






0 01 

0.1 

1 06 

1.0295 

0.1895 

0 3869 

0 4460 

0.004 

0 04 

0 424 

0 6511 

0 2068 

0 3696 

0 4287 

0.002 

0 02 

0 212 

0 4604 

0 2188 

0 3576 

0 4167 

0.001 

0 01 

0 106 

0 3256 

0 2295 

0 3469 

0 4060 

0.0004 

0 (K)4 

0 0424 

0 2083 

0 2420 

0 3344 

0 3935 

0.0002 

0 002 

0 0212 

0 1456 

0 2495 

0 3269 

0 3860 

0.0001 

0.001 

0 0106 

0.1029 

0 2555 

0 3209 

0 3800 

0 00004 

0 0004 

0 00424 

0 0651 

0.2615 

0 3149 

0 3740 


extrapolating to an ionic strength of zero. It was found to be equal to 
0.3560 volt. The data are plotted in figure 2. The straight line repre¬ 
sents the change of E, assuming that the limiting Debye-Huckel expression 
holds (equation 3). 

In addition, the oxidation potentials were measured in mixtures con¬ 
taining ratios of potassium ferrocyanide and potassium ferricyanide of 
10:1 and 1:10. The data are given in tables 2 and 3. They were recalcu- 
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V!: 

0 4482 
0.4324 

0 4154 
0.4046 
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LiCl 

0.4479 
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0.3964 

0 3872 
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0.4588 
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0 4248 
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0 4016 

0 3902 

6 

i?: 
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0 4164 

0 4057 
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0 3874 

d 

08 
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0 4167 

0 4059 
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0.3874 

i 

w 

y. 
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0 4054 

0 3957 

0 3867 

KNOj 1 KBr 

1 
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0 4429 

0 4248 

0 4124 

0 4019 

0 3906 

0 4560 
0.4416 

0 4242 

0 4121 

0 4014 

0 3902 

NaCl 

0 4476 
0.4326 
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lated on the basis of a ratio of the concentrations of 1:1 and correspond to 
the e' values plotted in figure 2. These e' values are identical with the 
values of the potential E measured in the eciuimolccular mixtures of ferro- 
cyanidc and ferricyanide. The reproducibility of the measurements in 
the very dilute solutions containing unequal molecular ratios of ferro- 
cyanidc and ferricyanide is not as good as of thos(‘ reported in table 1; 
therefore, the extrapolated value of e' at an ionic strength of zero is less 
reliable in the former cases. 

The effect of neutral salts upon the potential 

In all of th(‘ following determinations a solution containing 0.0004 molar 
potassium fiTrocyanidf' and 0.0004 molar potassium ferricyanide, freshly 
prepared by dilution of a 0.01 molar mixture', was used. Ten ml. of the 


TABLE 6 

Influence of salts on the oxidation potential 


TOTAL li 

(’ONlKNTUA- 
TION OF 

Na^PiOv 

E 1 

(At.AINfiT 1 

NOHMAL I 

HYDIIOOLN 
K1-E<'TK01>J!J) 

40N(ENTRA- 

TION OF 

Naa TITRATE 

! 

E 

( AGAINST 
NORMAL 
HYDROGEN 
ELECTRODE) 

(ON( ENTKA- 
TION OF 

MrSO* 

E 

(AGAlNSr 

NORMAL 

HYDROGEN 

ELECTRODE) 


M 

I 

M 


M 


0 5064 

0 05 

0 4187 

0 0833 

0.4262 

0 125 

0 4584 

0 2564 

0 025 

0 4097 

0 0416 

0 4154 

0 0625 

0 4474 

0 1064 

0 01 

0 3987 

0 0166 

0 4034 

0 025 

0 4344 

0 0564 

0 005 

0 3918 

0 0083 

0 3953 

0 0125 

0 4246 

0 0314 

0 025 

0 3864 

0 00416 

0 3889 

0 00625 

0 4152 

0 0164 

0 CK)1 

0 3809 

0 00166 

0 3826 

0 0025 

0 4028 


latter was diluted with conductivity water in a 250-ml. volumetric flask, a 
WTighod amount of pure salt added, and the flask filled up to the mark. 
The results are given in tables 4, 5, and 6. ^^Total p' refers to the sum 
of the ionic strc'iigths of the added salt and of the 0.0004 molar ferro- 
cyanide-f(‘rricyanide mixture (p = 0.0064). From equation 3 it is found 
that 



E — 6o 
0.0591 


The values of logthus derivc'd in various salt solutions are plotted in 
figure 3 against y/p. The straight line again gives the values calculated 
with the assumption that the limiting Debye and Hiickel expression holds 
at extreme dilutions. 


DISCUSSION OF RESirLTS 

1 . The generally accepted value of the normal potential of the ferro- 
ferricyanide electrode of 0.44 volt is much too high. At an ionic strength 
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of zero, a value of 0.366 volt was derived in this paper. From a practical 
viewpoint it is of interest to mention that the oxidation potential increases 
very rapidly with the increasing ionic strength and that it even can exceed 
the value of 0.44 in equimolecular mixtures of ferricyanide and ferrocyanide. 

2 . Even at infinite dilutions, the behavior of the system is not in har¬ 
mony with the postulates of the simple Debye-Hiickel expression. The 
slope of the curve giving the change of the oxidation potential or of log 
/a/A plotted against the square root of the ionic strength is greater than 



a, CsCl; b, RbCi; c, KCl and NH4CI; d, LiCl. D. H., calculated from simple 
Debye-Hiickel expression. 

Fio. 4. 

a, Mg(NOj) 2 ; b, BaClj; c, Ca(NO«) 2 ; d, SrCU; e, NajSOi; f, Nai citrate; g, 
Na^PjOv. D. H., calculated from simple Debye-Hiickel expression. 

that calculated on the basis of the Debye-Hfickel limiting equation. It is 
impossible to account for this anomaly on the basis of ionic size, using the 
present form of the Debye-Hiickel theory, for, as V. K. La Mer (6) states, 
“absurd negative values of ‘o’ would be demanded at very high dilutions 
followed by positive values in more concentrated solutions.” Deviations 
of experimental data from the theoretically predicted curves have been 
described by various authors, a discussion of which is given in a paper by 
La Mer, Gronwall, and Greiff (7). Gronwall, La Mer, and Sandved (2) 
have shown that these discrepancies disappear if the influence of higher 
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terms of the Debye-Huckcl theory in the case of unsymmetrical valence 
type electrolytes is taken into account. On the basis of the extended 
Debye-Hiickel equation, values arc found which fit the experimental data 
without assuming ion association or incomplete dissociation of the strong 
electrolytes. Undoubtedly, in a quantitative interpretation of the data 
found in this study, the extended equation of Gronwall, La Mer, and 
Sandved should be applied, since we are dealing with highly unsymmetric 
valence type electrolytes. Still, we have evidence to believe that even the 
extended equation does not account quantitatively for the results obtained, 
and that potassium ferrocyanide has to be considered as an incompletely 
dissociated electrolyte. In a subsequent paper, it will be shown that the 
curve obtained in a study of the potential of the potassium molybdo- 
molybdicyanidc electrode, a system very similar to that of ferro-ferri- 
cyanidc, does not intersect with the straight line calculated from the 
simple Debye-Huckel expression, but is found below this line even at 
extreme dilutions. In addition it was found that the fourth dissociation 
of rnolybdocyanic acid 

HMo(CN)8—- H+ + Mo(CN)8 - 

is complete whereas that of ferrocyanic acid 

HFeCCN)®-— + Fe(CN)6- 

is incomplete. This means that the proton combines with the ferrocyanide 

iontoformIIFe(GN)6-, and it is quite plausible that other cations behave 

similarly. In the study of the influence of salts upon the potential of a 
very dilute potassium ferrocyanide-potassium ferricyanide mixture 
described in this paper it was found that the effect is virtually independent 
of the type of the anions. Potassium bromide, chloride, and nitrate have 
an identical effect at the same ionic strength; the same is true for sodium 
chloride, nitrate, and perchlorate on the one hand and sodium sulfate, 
oxalate, carbonate, and phosphate on the other. 

The type of cation, however, has a very pronounced effect. With the 
alkali cations it decreased in the order Cs, Rb, K = NH4, Na = Li, and we 
conclude that the degree of dissociation of the corresponding ferrocyanides 
decreased in the same order. The dissociation becomes more incomplete 
with the increasing valence of the cations, the effect of the various alkaline 
earths being of about the same order. This larger effect of the divalent 
ions is especially pronounced at the smaller ionic strengths. 

Since the concentration of the cation is of primary importance, it is 
easily understood why the oxidation potentials found in potassium ferro¬ 
cyanide-potassium ferricyanide mixtures of various ratios and recalculated 
on the basis of a ratio of 1 i 1 are not the same at the same ionic strength 
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(figure 2). The potentials found increase from the mixture with a ratio of 
10 ferrocyanide to 1 ferricyanide to that with a ratio of 1 to 10. In the 
former, the potassium-ion concentration is much smaller than in the latter 
at the same ionic strength. In a similar way, it is explained why the 1-2 
valence types of electrolytes (sodium sulfate, carbonate, etc.) have a 
smaller effect than the 1-1 valence type of salts (sodium chloride, etc.). 

SXJMMAKY 

1. The normal potential of the ferrocyanide-ferricyanide electrode is 
equal to 0.3560 volt at 25®C. 

2. The change of the potential of a very dilute ferrocyanide-ferricyanide 
solution with increasing ionic strength is greater than calculated on the 
basis of the simple Debye-Hiickel expression. This is partly explained 
by incomplete dissociation of alkali and alkaline earth ferrocyanides. 

3. For the same valence type of salts the anion effect upon the potential 
is the same for different anions at the same ionic strength. A pronounced 
cation effect was observed, the effect decreasing in the order (Is, Rb, K = 
NH4, Na = Li for the alkali ions and being of about the same order for the 
alkaline earth ions. The latter, especially at the smaller ionic strengths, 
have a much greater effect than the univalent cations. 
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THE FOURTH IONIZATION CONSTANT OF FERROCYANIC 

ACIDi 
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Strong acids increase the oxidation potential of a ferrocyanide-ferri- 
cyanide mixture much more than neutral salts at the same ionic strength. 
This effect was attributed by Kolthoff (1) to the pronounced basic proper¬ 
ties of the ferrocyanide ion : 

Fe(CN)6-+ H+ ^ HFe(CN)6- 

Since hydrogen ions htoovc f(‘rrocyanide ions from the system they must 
increase the oxidation potential. From colorimetric measurements Kolt¬ 
hoff estimated the fourth ionization constant of ferrocyanic acid as being 
equal to 5 X 10“^. He did not consider activities, and the value reported 
is very uncertain. In the present study the fourth ionization constant of 
ferrocyanic acid was deprived from the (effect of hydrogen ions upon the 
oxidation p()t(*ntial of a mixture of potassium f(‘rrocyanide and potassium 
ferricyanide at known ionic strengths. 

K = ^ H^‘^Fe (C N)e- - _ Q m-^Fe (CN)e- ^ h 

«HFe(CN)« CHFe(CN)e /a 

<^Fe(CN)«’-denotes the concentration of the ferrocyanid(‘ ions, 

^’HFecCN)," ‘" that of the hydroferrocyanide ions, and/iZ/s the ratio of 
their activity coefficients. 

The oxidation potential of mixtures containing 0.0004 mole of potassium 
ferrocyanide and ferricyanide in a liter of a buffer solution of known paH 
was determined in the way described in the preceding pap('r (2). From 
the data reported before and the new measurements it was possible to eval¬ 
uate It is assumed that the value of f^/fz (equation 1) is the same as 
that of the activity coefficients of ferrocyanide and f(‘rricyanidc ions at the 
same ionic strength in the same electrolyte solution. Considering the 
similarity in structure and size of Fe(CN)6 and HFe(CN)6 , the 
assumption of these trivalent ions having the same activity coeflBcients at 

* From the experimental part of a thesis submitted by William J. Tomsicek to 
the Graduate School of the University of Minnesota in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy, 1934. 
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the saiDe ionic strength seems justified. The paH of the buffer solutions 
used was measured with a quinhydrone electrode using a similar electrode 
in a mixture of 0.01 N hydrochloric acid and 0.09 N potassium chloride as a 
standard half-cell. The paH of this mixture was taken to be equal to 2.075. 

The method of calculating the various data needed in solving equation 1 
is demonstrated by the following example. The first measurement re¬ 
ported in table 1 gives an oxidation potential of 0.4156 volt against the 


TABLE 1 

Measurements in acetate buffers at B6°C. 


CONCBNTBATION 

OF 

ACETIC ACID 

CONCBITTRATXON 
OF NaCtHaOt 

paH 

^QH. 

H.E. 


M 

M 





0,2 

0 01 

3 392 

0 1608 

0 4156 

5 8 

0.1 

0.01 

3.683 

0.1704 

0.4060 

5 6 

0.05 

0.01 

3.983 

0.1787 

0 3977 

5.7 

Average... 

5 7 




TABLE 2 

Measurements in biphthalate-hydrochloric acid buffers 


paH 

^QH. 

®N.H.E 

X* X l0-» 


0.1607 

0.4157 

7,4 


0.1500 


5.5 


0.1363 

0 4401 

5 5 


0.1]63 


4 7 


0.0893 

0 4371 

3.8 

Average. 

5.4 



TABLE 3 

Measurements in dilute hydrochloric acid solutions 


Molar concentration of HCl. 

0.0029 

0.0058 


0.0291 

JSLj trin********.... 

0.4577 


H 

0.5447 

N.H.B. 


normal hydrogen electrode in a mixture containing 0.0004 mole of potas¬ 
sium ferrocyanide and ferricyanide, 0.01 mole of sodium acetate, and 0.2 
mole of acetic acid per liter. The paH of the buffer solution alone is 3.392, 
and the effect of the hydrogen ions upon the ionic strength is negligibly 
small. In table 4 of the previous paper (2) it was reported that the oxida¬ 
tion potential of an identical mixture without acetic acid was equal to 
0.3867 volt. In each mixture the oxidation potential is given by the 
expression: 
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TABLE 3 

Osmotic pressure and ionic distribution data for solutions of crystallized horse serum albumin 





i 


s 

p 

b 

-*> 

8 

09 

p 

p 

p 

b. . . 

s 

p 

p 

_a— 

8 

P 

PJ 

b 

- TOO 1+H 


i 


1 

I 

s 

1 

1 

1 

•9 

i 

S > 

9 

(+)^XlOi 


P 

b 

g 

b 

2 

b 

p 

p 

b 

s 

b 

i 

b 

§ 

b 

§ 

b 

9 

b 

g 

b 



s 

b 

g 

b 

1 

I 

b 

8 

p 

b 

S 

•Ki 

9 

b 

b 

p 

s 

b 

9 

b 

V-V + l.*., .. 

Ra, X I®* 


At 

b 

2S 

i 

p 

p 

p 

p 

8 

p 

k 

p 

8 

jjj 




8 

At 

8 

p 

8 

p 

8 

p 

b 

p 

m 

p 

p 

p 

p 

b 


\>»> (VI - 80*000) 


1 

1 

i 

1 

8 

i 

ri 

p 

3 

p 

« 

X 58*580 


b 

W 

to 

8 

p 

b 

p 

8 

S 

is 

p 

8 

p 

8 

p 

s 

p 

8 

lSl«sX I0« 


8 

fo 

8 

p 

b 

eo 

p 

8 

P 

09 

p 

b 


p 

? 

T 

t §2 

V~ 


00 

s 

00 

§ 

o 

8 

p 

b 

p 

g 

00 

8 

p 

8 

00 

b 

p 

p 

g 

I gi 



1 

1 

8 

8 

I 

1 

1 

1 

1 


u 

1 f 

«_ 

xfi 


II 

I 

g 

•9 

1 

11 

O P 

o5 8 

8 i 

1 1 

§1 

8 

i 

p p 
8 1 

8 

8 8 

§ S i:: 

S 3 f 

5-^ 

x- 


1 

o 

i 

p _ 

b 

8 

p 

g 

O 

b 

1 

p 

a 

p 

p 

p 

g 

P 

B 


§ 

« 

8 

m 

8 

m 

5 

p 

2 

p 

8 

p 

p 

p e 

p -r 

- B 

a , 

X® 

s 

§■■ 

B 

a 

2. 

D 

I 

? 

S- 

1 

2 

-1 


8 

8 

p 

p 

p 

i 

8 

£? 

p 

¥ " 

P to 

V 


§ 

8 

§ 

s 

I 

1 

1 1 

g ® 
g g 

g 8 

^ p 

P w 

o 

g 

I 

§ § 
p p 

8 2 
2 s 

2 S 

S 8 " ! 
^ ^ ^ 1 

ICI-l 

tk ^ 

S8 1 

o 

8 

o 

-1 

P 

b 

p 

p 

8 ' 

00 

to 

p 

g 

p 

b 

p 

p 

8 

o 

S 3 , 

E n L' 

s 

5 

o 

1 

8 i 

•fr fi 

» 8 

§ ^ 
i § 

1 i 

s i 
s i 

i i 

i s 
a 

i ^ 

s S 

® ® u 

S'7 

xiS 

I 

At 

i 

! 

p 

p 

b 

§ 

b 

S 

p 

b 

§ 

. b 

1, 

i 

p 

so 

p 

b 

Qt 

b 

p 

b 

p 


p 

8 

p 

8 

p 

8 

8 3 

>» 

i 

i s 

1 S 

§ g 

g 5 

i §! 

§ g' 

8 8 

i 

g i 

8 8 3? 

5 - -g 

X 10. 
(Htl 

!< 

0 1 
u 

S§| 

i 3 

1 " 

e* 

b b 

S s 

b eo 

P P 

b b 

8 8 
^ m 

b b 

1 1 
w b 

g § 

b w 

^ p 

8 s: 

p « 

I s 

p p 

p p 

£ 5 

p b 

8 S 

9 9 
b b 


i 

*► >► 
i i 

09 OO 

g i 

fO p 

S g 

P 09 

8 g 

O P 

g g 

p p 

8 S 

i i 

p lo 

0 g 

p p 

g 1 

P p . 

g g i 

BH*i’ 


*► 

s 

p 

b 

09 

p 

8 

«o 

n 

09 

g 

to 

g 

p 

g 

p 

g 

p 

g 

i §2 


m ^ 

00 »-r 

m 1 

b b 
« 

fi 8 

b b 

w 

p p 

b b 

w 

9 P 
b b 

m 

« g 
b b 
8 

w a 

i" 

p 

p p 

i ® 

^ 8 
i s 

p ^ 
1 = 

p 8 . 

i = 


s 

8 

b 

8 

b 

P 

8 

b 

p 

b 

g 

b 

55 

b 

8 

p 

® i 

I-. 40 


$ 

b 

8 

b 

8 

b 

8 

b 

8 

b 

8 

b 

8 

b 

8 

b 

8 

p 

8 

p 

1 i 

8^ 

8 

8 

8 

8 

8 

b 

8 

b 

8 

b 

8 

b 

8 

8 

b 

8 

b 

8 

b 

o ^ 

& 

'ks 

=1 H 

8 

'8 

S 

is 

2 

S 

8 

b 

P 

b 

8 

p 

8 

b 

8 

8 

8 

8 

b 

1 ^ 

0 

0 

0 

- 

0 

M. 

O M. 

0 

O "• 

“1- 

p 


© ti** 

o 

-[o - 

UDE 0& flEHBBVIlB 

- 


to 

« 

-9 

p 

p 

p 

p 

p i-t 

HO* 


686 


T .OH ,ZIXZX .a07 ,7HTillUIB9 JASXBTBf 10 JAHBUOl IHT 


awq xoutc \oi. om o\ coro 3ei.itu» 

iVBrE 5 



886 



TABLE 1 

Osmotic pressure and ionic distribution data for solutions of crystallized egg albumin 




MOLBCtJLAR WEIGHTS OF PROTEINS 


987 


with gum arabic this requirement was satisfied after calculations were 
made similar to those given above, so that it would seem that the assump¬ 
tions were justified. In the case of the proteins, however, such calculations 
consistently led to the result that (Cl~)o > (Na+)o + (H+)o, which was 
taken to indicate that the protein chloride formed when hydrochloric acid 
came in contact with the isoelectric protein could not be assumed to be 
completely ionized. Therefore, instead of calculating the chloride-ion 
concentrations by the above equations, it was necessary to measure them, 
as described, with the silver-silver chloride electrode. This was done in 
the case of cow serum albumin. It was found that (Cl“)o obtained in this 
manner closely agreed with the sum of [H“^]o, obtained by measurement, 
and (Na'^)o, obtained by calculation. With the other two proteins, then, 
this relationship was assumed to hold and the (Cl“)o was taken to be equal 
to (H+)o + (Na+)o without actually making the measurement with the 
silver-silver chloride electrode. From the (Cl“)o value the (Cl*")* value 
was obtained from the equation (Cl")* = (Cl'‘)o. (Electrode measure¬ 

ments of (Cl'“) in the presence of the colloid were never quite satisfactory, 
for some reason not yet determined. The voltage readings so obtained 
would indicate chloride-ion concentrations higher than those known to be 
present.) It is to be noted that hydrogen-ion activities are added to 
sodium-ion concentration outside. This is, of course, not strictly correct 
but apparently causes no great error, owing to the fact that at low ionic 
strengths the hydrogen-ion activity is very nearly equal to its concentra¬ 
tion, while at those ionic strengths at which there would be an appreciable 
deviation of hydrogen-ion activity from hydrogen-ion concentrations, the 
amount of hydrogen ion present, as compared to sodium ion, has become 
so low as to make such a deviation (never more than 8 per cent) of minor 
importance in the totals. 

In the tables, then, are given the calculated or measured values of the 
concentration per liter of each of the diffusible ions on each side of the 
membrane. These are totaled in the column under T and the difference 
between inside and outside is given under Z>. One mole of solute dissolved 
in 1 liter of solvent at 25®C. would give rise to an osmotic pressure equal to 
25,280 cm. of water. This value multiplied by the value D in each experi¬ 
ment would give the osmotic pressure which should be derived from the 
unequal distribution of diffusible ions across the membrane (assuming their 
osmotic activity to be equivalent to their concentrations). The value, 
a', is defined as the number of equivalents of ions derived from unit weight 
of the colloid and can be calculated from the equation 

, _ (Cl-).. - [(H+). + (Na+).] 

“ ~ ~ A/Vi X 1000 

A quantity not needed for calculating the relationship being tested but 
which is of interest is W, the equivalents of chloride combined with unit 
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the total salt concentration present was varied sufficiently to give the 
desired curve. The temperature was 25®C. In some cases the chloride- 
ion concentration was measured in the external solution by means of the 
silver-silver chloride electrode. The chloride-ion concentration (rather 
than activity) was arrived at as follows: Voltage readings for a silver- 
silver chloride electrode, plus a saturated calomel half-cell, were made for 
solutions of hydrochloric acid and potassium chloride of known concentra¬ 
tions. The chloride-ion concentrations of these solutions were plotted 
against the voltage readings for the cell, and when voltage readings were 
obtained similarly for the external solutions of the above experiments 
(containing only hydrogen, sodium, and chloride ions), these were placed 
on this curve and the corresponding chloride-ion concentration read off. 

It has been assumed that, in the concentration range studied in these 
experiments, the concentration ratio of distribution across the membrane 
for the various diffusible monovalent ionic species present does not vary 
more than a few per cent from the activity ratio as obtained from hydrogen- 
ion measurements. The concentrations of sodium ions on the two sides 
of the membrane can then be calculated by the equations 


and 


(Na+). 


Total Na present (equivalents) 

”T«^1VTooo) 4^ 


where 


(Na+)o = /?-(Na^), 


R = 


IH+]. 


and Vo and Vi are the equilibrium volumes of solvent in cubic centimeters 
on the outside and inside of the membrane, respectively. Similarly‘the 
chloride-ion concentration could be calculated by the equations 


(Cl-')o 


Total Cl present (equivalents) 

(Ti-F/iooo) + f<,7Tooo~ 


and 


(C1-). = R-{a-)o 

If the above assumptions can be safely made, the results of the calcula¬ 
tions must satisfy the requirement of electrical neutrality on each side of 
the membrane. Inside, the concentration of colloidal ions is unknown, 
but outside the membrane, where only monovalent diffusible ions are 
present, it is necessary that (Na^-)o + (H+)o - (Cl“)o. In the experiments 
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of the protein is used in calculating Pp, the osmotic pressure due to 
the protein. Here [+]»is a measure of the foreign salt concentration in the 
colloid-containing solution and will be equal to [H+]» + INa]^, since these 
are the only ions present, other than the protein, bearing this charge. The 
osmotic pressure due to the colloid, Pp, is assumed to be directly propor¬ 
tional to the molar concentration of the colloid. 

EXPERIMENTAL 

Crystalline ovalbumin was prepared by the method of Cole (4) and was 
recrystallized three times. Crystalline horse serum albumin was prepared 
and was not recrystallized. Serum albumin from cow serum was not 
obtained crystalline but was dissolved and reprecipitated. Each of these 
proteins was dialyzed against water saturated with toluene until nearly 
free of sulfate ion, and then electrodialyzed until entirely free of salt ions. 
From the cow serum albumin there was always a fairly large percentage 
of the protein which precipitated during electrodialysis. This was re¬ 
moved from the supernatant solution before the latter was dried. The two 
crystalline proteins gave no precipitate during electrodialysis, although the 
salt-free solution of horse serum had the appearance of a definitely col¬ 
loidal solution (Tyndall cone, etc.) in contrast to the clear solutions of the 
egg and serum albumins. These proteins were dried at room temperature 
and solutions of them were prepared as needed. 

The method used for measuring osmotic pressure was the same as that 
employed in the gum arabic experiments (3). Small collodion sacs (about 
15-cc. capacity) were used for membranes. In order to prevent the pro¬ 
teins from passing through the membranes it was necessary to dry them 
for a longer time in air before placing them in water than had been neces¬ 
sary with gum arabic. This in itself indicated that the molecular dimen¬ 
sions of the proteins were smaller than were those of the gum arabic. 
Known amounts (A in the tables) of the salt-free, isoelectric protein, in 
solution, were placed in the collodion sacs and these were connected with a 
source of constant pressure (Po) and placed in contact with an external 
solution containing known amounts of hydrochloric acid and sodium 
chloride. The total water content of the system was known. A few drops 
of toluene were added to the external solution to act as a preservative for 
the protein. Equilibrium was attained in forty-eight to sixty hours, after 
which time the contents of the membranes were weighed (F) and the 
hydrogen-ion activity of the inner and outer solutions was determined 
electrometrically by means of a hydrogen electrode. From these measure¬ 
ments were obtained R, the ratio of distribution of each ionic species across 
the membrane, and E, the electrical potential existing across the membrane. 
All experiments were made on the acid side of the isoelectric point of the 
proteins, and for each protein a series of experiments was made in which 
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derived from the unequally distributed diffusible ions. Such an assump¬ 
tion, of course, cannot be made with such proteins as egg and serum albu¬ 
min, whose molecular weight is known to be low enough to give an osmotic 
pressure which w'ould be of the same order of magnitude as that derived 
from the unequal distribution of the diffusible ions alone. However, if it 
can be assumed that the relationships found to exist for gum arabic solu¬ 
tions will also define the fraction of the osmotic pressure derived from the 
diffusible ions in solutions of such proteins, it should be possible to apply 
this correction and arrive at a value for the molecular weights of the 
proteins in the dilute salt solutions and at pH values other than the iso¬ 
electric point of the proteins. Conversely, if the accepted values of 
molecular weights and osmotic activity of the proteins can be assumed to 
hold for regions of pH distant from the isoelectric points and in dilute 
solutions, it becomes possible to correct the obsc'rved values of osmotic 
pressure in such protein solutions for the pressure due to the colloid and 
find whether or not the relationships found to exist for the gum arabic 
solutions are of general application in defining the osmotic pressure result¬ 
ing from the unequal distribution of diffusible ions. 

Where only monovalent diffusible ions are present, the empirical rela¬ 
tionship found to exist in the experiments with gum arabic is given by the 
equation 

—p-p— = constant 

where Po = the observed osmotic pressure at equilibrium, E = the mem¬ 
brane potential as obtained from electrometric hydrogen-ion measurements 
made upon the two solutions (inside and outside the membrane) after 
equilibrium had been reached, a' = the calculated equivalents of diffusible 
ions derived from unit weight of the colloid electrolyte, [—]t = the calcu¬ 
lated concentration of diffusible ions of the same charge as that of the 
colloid present inside the membrane at equilibrium and is a measure of 
the foreign salt concentration in the solution containing the colloid, and 
P,. = the osmotic pressure to be expected from the difference in total 
diffusible ion concentrations across the membrane at equilibrium. When 
Ea' 

log --—™ is plotted against the log [—], a straight line is obtained with 

±9 Po 

a slope equal to 0.211. The slope of the curve is not the same for all col¬ 
loids, but does not show any lyotropic effect between ions of equal valence 
(i.e., H+ Na+ Li+ etc.). 

Since the proteins on the acid side of their isoelectric points are positively 
charged colloids, it should be possible to obtain a straight line when the 
Ecc* 

log p—~—— is plotted against log [+]t if the correct molecular weight 

Pe \Po — Pp) 
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Osmotic pressure determinations of the molecular weights of proteins 
have hitherto been made at the isoelectric points, or within a pH range very 
close to the isoelectric points, of the proteins, and in the presence of high 
concentrations of salts. This procedure has been necessary in order to 
eliminate the osmotic effects of ions other than the colloid, resulting from 
the setting up of a Donnan equilibrium in which there exists an unequal 
distribution of diffusible ions on the two sides of the membrane. Accord¬ 
ing to the Donnan theory of membrane equilibria, a knowledge of the 
active concentrations of these diffusible ions in the inner, colloid-contain¬ 
ing solution, and in the outer solution with which it is in equilibrium, 
would make possible the estimation of the fraction of the observed osmotic 
pressure due to these ions, which, when corrected for, would give the 
osmotic pressure due to the colloid even at points distant from the iso¬ 
electric point and in dilute solutions. Attempts to make such corrections 
have repeatedly been unsatisfactory, however, and the results have been 
taken to indicate, among other things, variations in size of molecule of the 
colloid (2, 5), change in the osmotic activity of the colloidal molecule (1), 
and absence of, or modified osmotic activity of the diffusible ions derived 
from the colloid electrolyte (Gegenionen) (6, 7, 8). 

In a series of experiments (3) in which the osmotic pressure of purified 
gum arabic was studied throughout a range of variation in the concentra¬ 
tion of colloid, pH, and concentration of foreign salt, an empirical relation¬ 
ship has been found to exist between certain determinable variables in the 
system and the deviation of the observed osmotic pressure from that 
calculated upon the basis of differences in concentration of the diffusible 
ions across the membrane at equilibrium. This relationship was arrived 
at by assuming that the colloid micelle itself showed no appreciable osmotic 
pressure, in that the molecular weight of the arabate ion was so high that 
osmotic pressure due to the micelle was negligible in comparison with that 
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evaluating o-o, but does not prevent their being used to decide whether an 
anomaly exists in connection with variations in length at constant radius. 

Essentially similar results were obtained in some preliminary tests with 
soils, but for the reasons already stated, we have given the details of the 
experiments only in the case of barium sulfate. 

CONCLUSIONS 

These measurements show quite conclusively that for barium sulfate 
paste the rate of flow in tubes of a given radius and under a given pressure 
gradient (within the limits used) is independent of the length of the tube. 
The data thus lend no support to the idea that this material suffers a 
progressive breakdown with time under shear. 

The effect of changing the radius upon the position of the F/ irR^~PR/2L 
curves is as marked as in the earlier experiments on this material. From a 
calculation made from the curves published in an (.'arlier paper (7), it may 
be concluded that the thickness of the layer which is modified by its prox¬ 
imity to the wall of the tube cannot be less than 20 m (the thickness, if this 
layer had the viscosity of pure water). This is very remarkable, since we 
now know that the individual particles are only 2 to 3 m in linear diameter. 
The thickness of the modified layer seems to be more comparable with the 
size of the flocculated aggregates as shown by sedimentation. 

SUMMARY 

Measurements have been made of the rate of flow of an aqueous paste of 
barium sulfate through tubes differing considerably both in radius and 
length under a series of pressure heads. The results show that for tubes 
of the same radius and under the same pressure gradient, the rate of flow 
is independent of the length of the tube; from which it is concluded that 
under the conditions of these experiments, this material shows no progres¬ 
sive breakdown with time under shear, as sugge.sted by Ambrose and 
Loomis (1) for bentonite. 

For different radii, however, curves for V/wR^ against PR/2L were 
obtained which, as previously recorded, do not coincide as they should if 
at every point in the tube the velocity gradient depends only on the shear¬ 
ing stress. 

The hypothesis previously advanced that the proximity of the wall of 
the tube causes a sheath of material to shear more easily than does the bulk 
of the material, appears therefore to be the only one so far advanced that 
accounts for the facts. 

The case of this barium sulfate paste is particularly interesting, as the 
particles are roughly cubical in form, and the thickness of the modified 
layer is many times the average particle diameter. 
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V 

resistance, end-effect corrections were neglected. (Cv. Ambrose and 
Loomis’ criticisms of capillary tube methods.) 

Table 2 gives the results of experiment A, and table 3 of experiment B. 

The data are also plotted in figures 1 and 2, plotting F/IOOttjB’ against 

where W = PRAg/2L. V is flow in cubic centimeters per second and 
equals flowmeter reading “a” X appropriate constant. P is pressure 
(cm. Hg) corrected for bulb resistance, and Pm the uncorrected pressure as 
read on the manometer. 
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Fig. 1 

O Capillary a, K =■ 0.126 cm., L = 11.8 cm. 

A Capillary V, ft = 0.0407 cm., L = 12.3 cm. 

X Capillary b, ft “ 0.129 cm., L <= 22.6 cm. 

a Capillary j, ft = 0.126 cm., L = 7.5 cm. 

Fig. 2 

O Capillary a, ft - 0.126 cm., L = 11.8 cm. 

A Capillary V, ft = 0.0407 cm., L •= 12.3 cm. 

+ Capillary III, ft * 0.073 cm., L = 12.1 cm. 

O Capillary IV, ft = 0.048 cm., L * 12.26 cm. 

The figures in the second column of each table refer to the resistance used 
in the flowmeter. For (2) flowmeter readings (o) are multiplied by 0.277. 
For (6) flowmeter readings (a) are multiplied by 0.029. 

Figure 1 shows that length of tube has no effect on consistency, within 
the limits investigated, whereas the tube having a different radius shows an 
entirely different curve. The <r-effcct (effect of radius) is shown more 
definitely in experiment B (figure 2). 

The maximum length of tube used was 40 cm., as compared with 10 cm. 
in the earlier experiments, and with the apparatus in its present form 
stage IV could only be reached at the highest pressures. Most of the 
points therefore, are in stage III. This makes the data unsuitable for 
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tions of very soluble salts, but that no such errors occur in the case of pastes 
of soils or clays. There is no reason to suspect any such trouble with pastes 
of insoluble barium sulfate, and in any case the effect would be small com¬ 
pared with the very gross phenomena being investigated in these experi¬ 
ments. A series of tubes having the dimensions shown in table 1(a), was 
prepared. The radii were determined by a viscometric comparison with 
our previously carefully standardized tubes (table 1(b)) by measuring the 

TABLE 3 


Results of experiment B 


CAPILLARY 

RIB8I8T- 
ANCE 
USED IN 
FLOW¬ 
METER 

Pm 

a 

V 

p 

w/m 

F/lOO irR» 

V 

(6) 

8 0 

0 2 

0 006 

6 5 

1 43 

0.280 



12 0 

0 4 

0 012 

10.5 

2 30 

0.569 



16 0 

0 8 

0 023 

14 5 

3 18 

1.09 



20.0 

1 5 

0 044 

18 5 

4 07 

2.07 



22 0 

2 0 

0 058 

20 4 

4 50 

2 75 



24 0 

27 

0 078 

22 4 

4.92 

3 70 



26 0 

3 2 

0 093 

24 4 

5 39 

4 40 

in 

(6) 

8 0 

0.7 

0 020 

6 5 

1 2 60 

0 165 



10 0 

1.5 

0 044 

8 5 

3 40 

0 365 



12 0 

3 3 

0 096 

10 4 

4 15 

0 795 



14 0 

5 6 

0 162 

12 2 

4 88 

1 34 



16 0 

9 2 

1 0 267 

14.1 

5.62 

2.22 



18 0 

13 8 

0 400 

16 0 

6 40 

3.30 

IV 

(6) 

15 0 

0 8 

0 023 

13 5 

3 50 

0 665 



1 17 0 

1 4 

0 041 

15 3 

4 03 

1 19 



20 0 

2 4 

0.070 

18 4 

4 73 

j 2 04 



22 0 

3 5 

0 102 

20 3 

5 25 

2 95 



25 0 

4 3 

0.125 

23 2 

6.02 

3 62 



27 0 

5 2 

0 151 

25 2 

6 55 

4 38 

a (incomplete) 

(2) 

8 0 

1 0 

0 277 

6 15 

4.33 

0.448 



11 0 

4 0 

1.11 

8 8 

6 18 

1.80 


flow/stresa ratio for a glycerol-water solution for each tube, and so cal¬ 
culating R. Corrections for resistance in plastoincter bulbs were made 
throughout by connecting the bulbs directly together as described in the 
first paper of this series (7). 

Tube h showed slightly anomalous behavior, but, since its L/R ratio 
is only 36, this was disregarded. 

Since the presence of a small^metal disk drilled with a hole of 0.14 cm. 
radius in place of a capillary made no serious difference to the plastometer 
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Preliminary measurements made without the use of vaseline gave essen¬ 
tially similar results, but the accuracy was less, owing to the difficulty of 
observing the level of the material in the bulbs. 

Moreover, slight losses of material during the changing of the tubes and 
the advisability of continuing a given experiment over too long a period of 
time also precluded the use of a very great niunber of tubes for each experi- 

TABLE 2 

Results of experiment A 


Capillaries are given in the order in which the experiments were done 


CAPILLARY 

RBfilBT- 
ANCB 
UBBD IN 
FLOW- 
MBTBR 

Pn, 

a 

V 

P 

IF/100 

WlOO itR* 

a 

(2) 

7 0 

0.6 

0.167 

5.2 

3.65 

0.266 



8 0 

1.2 

0.333 

6.15 

4.35 

0 535 



9 0 

2.2 

0 61 

7.0 

4 94 

0.985 



10 0 

4.1 

1.14 

7 8 

5.50 

1 84 



11.0 

7.1 

1.97 

8 6 

6.05 

3.18 



12.0 

9.1 (?) 

2.52 (?) 

9.5 

6.70 

4.07 (?) 

b 

(2) 

13.0 

2 0 

0.555 

11.0 

4.17 

0.825 



15 0 

3.1 

0.86 

12.9 

4.90 

1.28 



17.0 

5.5 

1.53 

14.85 

5 65 

2.27 



19 0 

9.0 

2 50 

16.5 

6 25 

3 72 



21 0 

14 0 (?) 

3 90 (?) 

18.3 

6.95 

5 80 (?) 

i 

(2) 

5.0 

0 6 

0.167 

3 2 

3.59 

0.265 



6 0 

1.4 

0.388 

4.1 

4 6 

0.619 



7.0 

3 9 

1.08 

4 85 

5 45 

1.71 



8.0 

6,9 

1.91 

5.6 

6 3 

3.02 



9.0 

10.5 

2 90 

6.4 

7 2 

4.60 

V 

(6) 

10 0 

0.3 

0 009 

8 4 

1.85 

0 425 



12.0 

0.6 

0.017 

10 4 

2.28 

0 800 



14 0 

1.0 

0.029 

12.4 

2 72 

1.38 



16 0 

1 3 

0 038 

14.4 

3.17 

1.80 



1 18 0 

1 8 

0.052 

16.3 

3.59 

2 45 



20 0 

2.3 

0 067 

18 3 

4 02 

3.15 


ment, and introduced an element of haste into the experiments which 
prevented their accuracy from equalling that of the earlier and more 
leisurely experiments. They were, nevertheless, amply accurate for the 
purpose in hand. 

The plastometer bulbs were connected to the capillary by means of 
rubber sleeves. In earlier papers (14, 15) it was shown that such a pro¬ 
cedure was liable to cause imexpected errors in the case of saturated solu- 
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quotes our work and suggests that ammonium oleate sols show a ‘*plug 
flow/' This is demonstrably not so in the sense in which we use the words, 
and in any case it seems more likely that the disturbance he observes is 
due to the elasticity of the sol than to anomalous flow. 

EXPERIMENTAL PART 

As already recorded, the phenomenon under consideration was first 
observed in pastes of soils and clays. The composition of these materials 
is, however, highly variable, and the extent of the phenomenon depends on 
factors not all of which are understood. Since the question at issue is a 
fundamental one, it seemed wisest to use, for the present tests, a material 
of simple and known composition which is easily procurable by others who 
may wish to repeat the experiments. Barium sulfate (pure) as supplied 
by British Drug Houses was therefore selected. Microscopic examination 
showed that the material was reasonably homogeneous and consisted 
mainly of cubes with sides 2 to 3/i in length. 


TABLE 1 


(a) 

(b) 

TUBB NO 

R 

L 

TUBE NO. 

R 

L 


cm. 

cm. 


cm. 

cm 

h . 

0.131 

4.7 

Ill . 

0.073 

12 10 

j . 

0 126 

7 5 

IV .... 

0.048 

12 25 

a . .. 

0.126 

11 8 

V 

0 0407 

12 30 

b... . .. .. 

0 129 

22 5 





In preparing this paste, the barium sulfate was triturated with distilled 
water with a rubber pestle, then gently pressed through a 100 mesh per 
inch sieve, thoroughly stirred, sieved again, bottled, brought to tempera¬ 
ture (25°C.) in the thermostat, well shaken and then tested in the plas- 
tometer (A). Another portion of the same sample was kept overnight, and 
tested the next day (B). The concentration of the two samples differed 
slightly, but a moisture test at the end of the second experiment showed 
that 100 g. of paste had contained about 55 g. of dry barium sulfate. 

Owing to the tendency for the barium sulfate paste not to leave a clean 
surface on the walls of the plastometer tubes, the insides of the bulbs were 
coated with a thin layer of vaseline. This worked excellently until the 
material had been sheared a considerable number of times, when small 
spots of the vaseline surface rubbed off, and got into the capillary, readings 
then becoming erratic. This happening was well defined, all readings up 
to a certain time being steady and reproducible, but this difficulty pre¬ 
cluded a comparison of a very great number of tubes in a single experiment. 








INFLUENCE OF PROXIMITY OF A SOLID WALL 


976 


radius of the tube, or is the association indirect, the governing factor being 
in reality the proportions of the tube, i.e. the ratio of some function of the 
radius to the length? 

GENERAL BEHAVIOR OF THE MATERIALS INVESTIGATED 

Before giving detailed consideration to the new data, it will be as well 
to recapitulate very briefly the flow characteristics of the aqueous paste, 
which are fully set out in the paper already referred to. Four stages may 
be distinguished as the pressure gradient is increased from zero. 

Stage J. No movement. 

Stage II? Slow movement as a solid plug, flow increasing linearly 
with pressure. 

Stage III, A very rapid increase of flow with pressure, the plug being 
separated from the wall by a sheath of material in laminar flow. 

Stage IV, Rapid flow increasing almost linearly with pressure, the 
central plug occupying only a small part of the cross section and 
having little influence. 

According to the mathematical treatments of Buckingham (3) and Reiner 
(6) stage III is reached when the shearing stress W at the wall of the tube 
surpasses the critical shearing stress (So) of the material, and the sheath of 
material in laminar flow should have a thickness R{W — S^)/W which is 
proportional to the radius of the tube. The mean velocity of flow 
for a given value of W greater than So should therefore be proportional to 
fi, which is another way of saying that the curve of F/xfl® against TF should 
be independent of R, The fact that the V/irR?-W curve is not independ¬ 
ent of R is interpreted by us as indicating that mean velocity of VfirR? 
may be resolved into two parts, one’proportional to i2, and the other inde¬ 
pendent of it. The part that is independent of R is mathematically similar 
to the term introduced by Buckingham to cover stage II. But whereas 
the velocity of sliding of the plug in stage II is so low that the lubricating 
sheath, assumed to consist of water, has a mean thickness of only 10”® cm., 
the additional term needed to account for the flow in stages III and IV is 
about one hundred times as great. 

In order to get a quantitative measure of the anomaly in stage IV, it 
was found convenient to plot the mean velocity V/ttR? against TF. The 
best straight lines making a common intercept on the TF-axis were drawn, 
and their slopes <r plotted against R, The extent of the anomaly is indi¬ 
cated by the intercept <ro of this derived graph on the <r-axis; hence the 
name cr-phenomenon. 

The need for a reiteration of the distinction between the “plug flow'' of 
stage II and the anomalous flow near the wall of the tube which sometimes 
occurs in stages III and IV, is evident from a paper by Lawrence (4), who 

* For work on stage II, see references 11, 12, and 16. 
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fied layer, in the case of a certain soil paste, it could not be greater than 
8 X lO-*® cm. or less than 1 X 10~* cm. 

A different hypothesis has recently been put forward by Ambrose and 
Loomis (1) to account for the anomalous behavior of bentonite pastes. 
They point out that bentonite is known to be thixotropic, and suggest that 
the velocity gradient depends not only on the magnitude of the shearing 
stress, but also on the time it is applied. They conclude that this material 
appears to have a lower consistency the narrower the tube used, because 
*ffor constant shearing stress at the wall, the material flows at higher linear 
velocity in the larger tubes, thus being subjected to the same distribution 
of shearing stresses for a shorter time than in the smaller tubes.” 

While it is possible that, with the material used by these authors and 
under the conditions of their experiments, thixotropy may have been of 
importance, we do not think it can have had any measurable influence on 
our published data. Before any measurements were made, the* whole of 
the material was driven through the tube from one bulb into the other, and 
although the direction of flow had to be reversed several times to get a 
complete set of points for a curve, the experimental figures give no indica¬ 
tion that time of shear influences the rate of flow.^ Feeling, nevertheless, 
that the matter should be further investigated, we hav(' made new measure¬ 
ments on sev(‘ral of the materials studied before, using tubes which differ 
considerably in length as well as in radius. It is clear that, if the material 
flows more readily under a given stn^ss the longer it is applied, the rate of 
extrusion under a given pressure gradient will increase with the length of a 
tube of given radius. Comparatively little work has b(*en done on the 
effect of length of tube on consistency. Our own earlic^r experiments (13) 
were confined to a comparatively small diff(Tenci' of h^ngth. Ambrose and 
Loomis (1) quote Peek and Erickson (5) as having ^flearned that the 
apparent viscosity of agar solutions and starch pastes at constant shearing 
stress is lower in the longer tubes,” though these authors themselves say 
that they “do not consider the data conclushT evidence of a difference of 
the type observed.” On the contrary Staudinger and Heuer (17) state 
that “the solution of a high polymer (polystyrol) flowing through a long 
tube appears more viscous than in a short tube of the sairui diameter, since 
here, owing to the long fiber molecules, th(‘ hindrance to a normal flow is 
more marked” (our translation). 

Ihe point which we have set out to settle is, therefore*, this: Is the varia¬ 
tion of V/ttIP for a given value of IF, which wo have observed in aqueous 
pastes of certain soils, clays, and minerals, directly associated with the 

^ When materials showing marked thixotropy are investigated in our instrument, 
the flowmeter readings for a given pressure do not remain steady, but tend to in¬ 
crease so long as the shearing is continued. In consequence of this, we have not 
published any data for such materials. 
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INTRODUCTION 

In the first paper (7) of this series experiments were described in which 
aqueous pastes of soils, clays, and finely divided minerals were forced 
through narrow glass tubes. The instrument used was the modified 
Bingham plastometer described in an earlier paper (13), in which two bulbs 
are connected by a tube of known length L and radius R. The material 
can be made to flow in either direction under a measured air pressure P, 
The volume V of flow per second was measured indirectly by the small 
back-pressure set up by the air in escaping through one of a series of stand¬ 
ardized capillary leaks. 

The data so obtained presented a problem, for on plotting V/ttR^ against 
PR/2L ( = TV, the shearing stress per unit area on the wall of the tube) the 
points for tubes of different radii did not fall on the same curve, those for a 
narrower tube lying above those for a wider one. It was already known 
from the work of Bingham (2) and others, that such materials do not con¬ 
form to Poiseuille^s law, which means that the velocity gradient is not 
directly proportional to the shearing stress as it is for true fluids; but it was 
shown that no equation of dependence of velocity gradient on shearing 
stress, however complicated, would account for the phenomenon. The 
discrepancy is far too large to be put down to experimental error, and the 
only possible conclusion is that somewhere in the tube the velocity gradient 
depends on something else besides the shearing stress. So much seems 
certain. 

An examination of the data obtained with a series of different radii led 
us to put forward the hypothesis that the proximity of a solid wall is the 
disturbing factor. It was suggested that, where the V/irR^-W curves for 
different radii were not coincident, a shearing stress operating near the wall 
of the tube gives rise to a greater velocity gradient than does the same 
stress operating in the bulk of the material. In the subsequent papers of 
this series (8, 10) it was shown that although the data are not sufliciently 
exact to enable a precise estimate to be made of the thickness of the modi- 
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one or two experimental points in regions where the percentage of water is 
high. It was found, however, that the experimental values of the refrac¬ 
tive index at different alcohol ratios (table 2) when plotted on a large scale 
as in figure 2 enabled lines of constant refractive index to be drawn on the 
ternary as shown in figure 1. From the index of refraction of the equilib¬ 
rium layers, the compositions of the solutions as indicated by the tie lines 
were correct to within ±0.2 per cent. 

SUMMARY 

The solubUities, densities, and indices of refraction have been deter¬ 
mined for the system isoamyl alcohol-propyl alcohol-water at 25‘’C. Tie 
lines were determined for nine pairs of solutions. 

REFERENCES 

(1) Hoyt, L. F.: Ind. Eng. Chem. 26, 329 (1934). 

(2) International Critical Tables, Vol. I, p. 193. McGraw-Hill Book Co., New 

York (1926). 

(3) Reference 2, p. 134. 

(4) Smith, D. M.: Ind. Eng. Chem. 26, 392 (1934). 
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determined for a series of nine different mixtures having a total composi¬ 
tion inside the solubility curve (i.e., the heterogeneous area). These 
compositions are shown in table 3. It was thought that the compositions 
of the equilibrium layers could be obtained by using the method of Smith 
(4), who investigated the system methyl alcohol-isobutyl alcohol-water. 

TABLE 3 


Composition of layers in equilibrium at $6°C, 


UPPBK LATER 

LOWER LATER 

Index of 
refraction 

Volume 
per cent 
isoamyl 
alcohol 

Volume 
per cent 
n-propyl 
alcohol 

Volume 
per cent 
water 

Index of 
refraction 

Volume 
()er cent 
isoamyl 
alcohol 

Volume 
per cent 
n-propyl 
alcohol 

Volume 
per cent 
water 

1.3987 

81 8 

8 7 1 

9.6 

1 3375 

2 6 

3 9 

93 5 

1 3965 

74 1 

15.2 

10 7 

1 3383 

2 8 

5 0 

92 2 

1 3943 

65.8 

22 2 

12 0 

1 3404 

2 8 

7 8 

89.4 

1 3921 

57.9 

28.1 

14 0 

1 3422 

3 0 

10 0 

87 0 

1.3903 

52.1 

32.9 

15 0 

1 3434 

2 7 

12 3 

85.0 

1 3871 

41 9 

39 6 

18 5 

1 3449 

2 5 

14 5 

83 0 

1.3851 

37.5 

42 0 

20 5 

1 3461 

2 9 

16 2 

80 9 

1.3828 

31 3 

45 0 

23 7 

1 3480 

3 0 

20.8 

76.2 

1 3802 

25 1 

46 8 

28 1 

1 3506 

3 0 

22.2 

74 8 



Fig. 2, Refractive Index Versus Composition for the System Isoamyl Alcohol- 
n-pROPYL Alcohol-Water at 25®C. 

Because of the relatively large portion of the ternary diagram over which 
the liquids are insoluble, as compared with the system investigated by 
Smith, it becomes a matter of the utmost difficulty to draw the lines for 
refractive index vs. alcohol ratio, at constant water content. This diffi¬ 
culty arises from the fact that large extrapolations have to be made from 
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Certain portions of the curve were determined by using mixtures of water 
and propyl alcohol, to which isoamyl alcohol was added. These results 
are shown in table 1. The densities were determined in the usual manner, 
care being taken to keep the solutions at 25®C. In making the index of 
refraction measurements, trouble was experienced in getting a suitable 



Fig. 1. The Solubility Cubvb 


TABLE 1 

Soluhilily of isoamyl and propyl alcohols in water at 2o'^C. 


VOLUME FEB 
CENT ISOAMYL 
ALCOHOL 


40.40 
45.47 
50.63 
60 84 
71.10 
81 37 
86.83 
89 90 
93 32 
35 02 
:io 17 
25 10 


VOLUME PER 
CENT n-PROPY'L 
ALCOHOL 


40.40 
37.21 
33 76 
26.08 
17 78 
9.04 
4 57 
2.30 

42 81 
45.26 
46.59 


VOLUME PER 
CENT WATER 


19 20 
17.32 
15 61 
13 08 
11.12 
9 59 
8 60 
9 22 
6.68 
22 17 
24.57 
28 31 


VOLUME PER 
CENT 180AMYL 
ALCOHOL 


19.80 
13 77 
8 60 
2 53 
4 08 
2 44 
2 29 
2 25 
2 53 
4.03 
3.10 


VOLUME PER 
CENT n-PROPYL 
ALCOHOL 


46 21 
41 .32 
34 40 
19 .50 
23 98 
4 88 
9.77 
14.66 
19 49 
23.99 


VOLUME PER 
CENT WATER 


,33 99 
44.91 
57 00 
77 97 
71.94 
92 68 
87 94 
83.09 

77.98 

71.98 
96.90 


cement on which the isoarnyl alcohol had little solvent action. Picene was 
unsatisfactory for this reason. Fish glue could not be used because of its 
solubility in water. If, however, the cleaned surfaces were treated with a 
thin layer of Canada balsam and were allowed to stand from two to three 
days, no trouble was experienced. 

In addition to the solubility curve, equilibrium compositions were 
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INTRODUCTION 

In the course of investigating the solubilities of the alkali chlorides in 
mixtures of isoamyl alcohol, propyl alcohol, and water, it was found neces¬ 
sary to determine the limits of the solubility of these three liquids. 
Although a large number of alcohol-water systems have been investigated, 
we were unable to find solubility data for the above system. 

MATERIALS 

The isoamyl alcohol was Baker's a.c.s. reagent grade, which boiled over 
a range of 128-132.5®C. and was therefore subjected to fractional distilla¬ 
tion, the fraction coming over at a constant boiling point of 130.5®C. being 
collected. This agrees with the accepted value (2). The normal propyl 
alcohol was redistilled and the fraction boiling at 97.8 dz0.1®C. was 
taken (3). 


apparatus 

A Zeiss Pulfrich refractometer was used in determining the indices of 
refraction. The values could be read to 0.00005 and were rounded off to 
the nearest 0.0001. The temperature of the liquid in the prism cup was held 
at 25 d=0.1°C. by means of a circulating stream of water as described by 
Hoyt (1). The Westphal balance used in the density determinations was 
checked against a 25-cc. pyknometer. It was found that using a 10-cc. 
float the error involved was ±0.0001. The solutions were prepared by 
mixing known volumes of the three liquids at 25®C., and were correct to 
±0.1 per cent. 


PROCEDURE AND DISCUSSION 

The solubility curve, figure 1, was determined by placing a series of 
constant isoamyl-propyl alcohol mixtures, each of 200 cc., in a thermostat 
at 25 ±0.01 ®C. Each sample was thoroughly agitated while water was 
being added until the first appearance of turbidity was noted. The agita¬ 
tion was continued over a period of six to eight hours to ensure equilibrium. 
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along the line SS 2 . The arbitrariness of this type of procedure made the 
author feel that this as well as other limitations of the proposed arrange¬ 
ment* could best be appreciated after an experimental attempt has been 
made. It is to be noted that this type of condenser valve is inherent in 
the apparatus of Smythe and Mattauch and thus has been proved quite 
successful. Hence, its effects on the width of the mass and velocity peaks 
as well as those due to the bending of the lines of force at the entrance of the 
analyzing field, the influence of other perturbing fields, etc., can be calcu¬ 
lated in a general way similar to the one used by Herzog and Mattauch, to 
which the reader is referred. 



Fig. 4. Conditions Chosen so that Ions with M = 3 Focus on Receiving Slit 


The study of the trajectories of the ions in this type of apparatus is 
instructive. Under the conditions given below, the curves in figure 4 were 
traced for the masses 1,2, 3,4, 5, and 27, using the expression 


^ ^ a/JUL ^ 

7n 27r/ 2eV cos 0 


sin [(27r/ V m/2eV x)/cos 0]' 

27r/ 


— X tan 0 


where V = 1.333 X 10^^ e.m.u. 
/ = 5 X 10« 

0 = 16 ° 10 . 1 ' 

ai = 8 X 10^® E.M.U. 


^max — 25.21 cm. 


® For instance, the necessity for the correct displacement of S 2 from the plane 
half way between the condenser plates of a, so that the ions will enter the analyzing 
condenser just when Ey *= 0, will cause some difficulty, no doubt. 
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thermore, it is obvious that harmonics will only distort the mass scale. It 
is interesting indeed, to find in the second curve the linear relationship 
AM/M ^ AV/V for all integral values of M, Here the oscillating terms 
of the harmonics as well as that of the fundamental will have no effect 
whatever. This will be true whenever conditions are so chosen to make 
the oscillating term disappear for some integral value of M as has been 
done in the calculation-of this plot. When there will not be at least one 
integral value of M for which the arguments of the sine terms are whole 



Solid curve, considering only integral M^s, —— 

87r7*sin*0 m/e 

Broken curve, considering all values of M, equation 1. 


multiples of x, the linear relation will no longer hold and the curve of mje 
versus V will have the general aspect of the curve presented for the entire 
mass range including the non-integral ilf ^s. 

It is evident that a broadening of the peak will result from the fact that 
even though sin 2imft 9 ^ 0 but differs very little from it, ions will still enter 
the analyzing condenser with a definite y component of velocity due to the 
finite width of the slit S 2 . In order to make even a rough estimate, it is 
necessary to assume a definite form for the field in the small condenser 



962 


S. H. BAUER 


Below are two curves of this equation where wi/6 is plotted versus one of the 
variables (cti, figure 2; F, figure 3), while the others are kept at the arbi¬ 
trary values 
/ = 5 X 10« 

X == 25.21 cm. 

0 = 16 ® 10 . 0 ' 

F = 4 X 10“ E.M.u. when ai was taken as the variable. 

= 8 X 10^*^ E.M.u. when F was taken as the variable. 

In order to plot the second curve, one is obliged to make the substitutions 



Fig. 2. M/e as a Function of «i 

Solid curve, neglecting sine term, equation ai= V STr'^pFsin^OTw/e 
Broken curve, considering sine term, equation 1. 


Vm/e = 1.022 X 10”*2a and VI/2V = 1.118 X l0-«j8 and set ap = k. 
He can then solve for l/jS^ in terms of fc, i.e., 

1 ^ F _ 7.638 X 10-4ik ~ 81.04 X 10-« sin irk 
4 X 10“ 7.638 X 10'4ifc2 

and on assigning definite values to k, can obtain the corresponding F(j3), 
whence he can calculate the necessary m/e. In similar manner one can 
find m/e as a function of 0, /, or x. 

These curves permit us to make the important conclusion that, owing to 
the small amplitude of the oscillating term, m/e will be a monotonic func¬ 
tion of each of the variables so that there is no danger of obtaining ghost 
peaks or the possibility of several peaks coming at the same point. Fur- 
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. As indicated in the diagram, 9 is so chosen as to make ^ » 0 at a given x. 
Thus is the condition stated in assumption (2) assured. 

It is to be noticed that the value of y depends on linear terms in x upon 
which are superposed small oscillatory terms whose maximum values are 
between 0.1 and 0.05 of the values of the corresponding linear ones for the 
frequencies used. The effect of the oscillating part diminishes very rapidly 
for the higher harmonics, since their amplitudes are proportional to 1/n*. 
Were we to neglect these smaller terms, we would obtain the relation 

e/m = Sir*/* F sin* e/a* 

where 


a 



and 


iim _ 2Aa _ _ 2Af _ _ ^ _ 2AB 
m ~ a ~ f ~ F tan 0 

from which it is obvious that: (a) the presence of harmonics serves only to 
affect the value of 0 initially chosen to make y = 0. (b) For large angles 

there will be slight directional focusing due to the fact that cot 0 does not 
change rapidly then, (c) e/m is independent of x. (d) There are enough 
variables in this arrangement so that one can adjust any mass range to 
come in a convenient range of experimentation. 

That the effects of neglecting the oscillating terms are small in certain 
cases, can readily be seen from the following calculations made with the 
last expression.' 


Atomic weight. 

... 100 ^ 

30 

. 1 

e/m (in e.m.u.). 

... 98 7 

319 

9570 

F, accelerating voltage (e.m.u.) - 

... 8 X 10>® 

8 X 10*» 

4 X lOii 

/, frequency of fundamental. 

... 6 X 10* 

1 X 10« 

6 X 10* 

a (in B.M.u.). 

... 8 X 10‘» 

8 X lO*" 

8 X 101® 

X (in cm.). 

... 20 0 

20.0 

20 0 

sin 8. 

... 0.6231 

0.6679 

0.2784 


... 38^32.5' 

34® 36.5' 

16® 10 0' 

linear term 

.... 20.5 

21.4 

7.48 


amplitude of oscillating term 


On the other hand, when the amplitudes of the harmonics become neg¬ 
ligibly small, one can retain the sine term obtaining the relationship. 
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oscillating circuits has reached such a stage of development that it is not 
diflBcult to obtain an almost pure sine wave in the frequency range desired. 
(4) Work done with mass spectrographs as of the Dempster type, in which 
homogeneity in accelerating voltage of the ions is assumed, has apparently 
been quite successful (3). (5) Since deviations from the simple equations 
derived here will only distort the mass scale slightly, calibrations with a 
series of known gases will circumvent the diflSculty. 

Consider the arrangement shown in figure 1. 



Fig. 1. Arrangement of the Mass Spectrometer 


The equations to be solved are: 

f = 2 rs 0 
y = Eyc/m 

where 

CC 

Ey = 2!^ a« sin 2Trnft 

n—l 

with the initial conditions: 

io = y/2eV/m cos 0 
j/o = - V2eV/m sin 0 
io = 0 


i.e., the ions enter the field when the argtiment of the sine terms is a whole 
multiple of ir (hence the necessity of the small condenser, a. which is to act 
as a valve). The solutions obviously are 




— X tan 0 
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It had long been thought desirable to use a mass spectrograph (particu¬ 
larly the type that allowed the direct measurement of intensities of the ions 
produced by electrons of known energy) for the analyses of substances 
having a small vapor pressure (O.UOl mm. of mercury or higher). These 
analyses would be of value from a purely chemical point of view as well as 
from the physicochemical aspects involved in the determination of bond 
energies, the energetics of certain reactions, etc. The labor and cost of 
setting up the usual more refined types of spectrographs^ makes one feel 
that the general applicability of this apparatus has been somewhat re¬ 
stricted on that account. An outstanding situation has arisen, due to the 
discovery of deuterium, which impressed many chemists that numerous 
problems in that field could be more easily solved by the use of such an 
instrument. It is proposed that a simple mass spectrometer can be con¬ 
structed, based on a principle first discussed by W. R. Smythe (4) and later 
made use of by him and Mattauch in the development of an efficient veloc¬ 
ity filter for ions (1, 2, 5, 6).^ 

The experimental arrangement here suggested differs from the above in 
that the oscillating field is directly made to be the mass analyzer, it being 
assumed in this discussion that a condenser can be treated as ideal, i.e., 
one which produces a uniform field ending sharply at its geometrical bound¬ 
aries, that the wave-form of the oscillating field is a definitely known odd 
function, and that the ions to be analyzed are uniformly accelerated 
(homogeneous in voltage drop). 

For the simplified arrangement suggested, these assumptions can be 
justified. (1) The condenser plates are to be placed close together, so that 
the inhomogeneous region (equal approximately to three times the distance 
between the plates) will be limited to a small fraction of the total distance 
traveled. (2) The ions will travel in a path deviating but slightly from 
the plane half way between the plates. (3) The technic in designing 

^ An excellent summary of the methods of mass spectroscopy describing various 
arrangements of fields which will produce the desired focusing in directions and 
velocities of the ions is given by Mattauch (Physik. Z. 35 , 567 (1934)). 

* Such an application was indicated by him; see reference 4, p. 1285. 
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previous paper shows the very large effect of the acid upon the oxidation 
potential of the ferri-ferrocyanide system. 

SUMMARY 

The fourth ionization constant of ferrocyanic acid was found to be equal 
to 5.6 X 10-' at 25‘’C. 
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^ - «0 + 0.0591 log ■- yMPW.--- + 0.0591 log-J 

CF«(ON)r- /l 

In the mixture without acetic acid cpeccN)*^-= 0.0004; in the mixture 

with acetic acid (table 1) CFe(CN)«-= x = 0.0004 - HFe(CN)6-. 

From the difference in oxidation potential between the two mixtures, being 
0.4156 — 0.3867 = 0,0289 volt, it is easily found that: 


0.0289 = 0.0691 log 


0.0004 

X 


X == 1.29 X 10-^ 


and 


CHFe(CN)r-- = 4 X 10-^ - 1.29 X 10“^ - 2.71 X 10-^ 

From the known normal potential €o and the value of the oxidation potential 
of 0.3867 volt in the mixture being 0.01 molar in sodium acetate a value for 
fi/fz of 0.30 is derived. 

Therefore 


K, 


4.06 X 10-4 X 1.29 X 10-4 
i71 X 10-4 


X 0.30 


5.8 X 10-5 


In table 1 the results of the measurements and calculated values of Ki 
are reported in mixtures containing 0.01 mole of sodium acetate and vary¬ 
ing concentrations of acetic acid. The measurements were repeated using a 
series of potassium acid phthalate buffers with hydrochloric acid. The 
analytical concentration of the potassium salt was 0.05 molar. In the 
calculation of fi/fz it is assumed that potassium biphthalate (not consider¬ 
ing the pH effect) has the same effect upon the oxidation potential of the 
ferrocyanide-ferricyanide mixture as potassium chloride has at the same 
ionic strength. This assumption is justified by the fact found in the previ¬ 
ous paper, that the ‘‘salt effect'' upon the oxidation potential is virtually 
independent of the kind of anion in dilute solutions. The values of Ki 
reported in table 2 decrease with increasing hydrogen-ion concentration of 
the mixture. This is to be attributed to a specific effect of the hydrogen 
ions upon the potential of the ferro-ferricyanide electrode. No correction 
has been applied, since this effect is not quantitatively known. Still there 
is a very good agreement between the average values of Ka found in tables 
1 and 2, the total average being 5.6 X IQ-® at 25®C, Measurements were 
also made in mixtures containing various concentrations of hydrochloric 
acid. In this case insufficient data were available for the computation of 
Ki, and only the values of the oxidation potentials found are reported in 
table 3. Comparison of these figures with those given in table 4 of the 
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weight of the colloid. W is obtained from the knowledge of the equiva¬ 
lents of hydrochloric acid originally added to the system and the equiva¬ 
lents of hydrogen ion remaining in the system at equilibrium, according to 
the equation 

Total HCl added (equivalents) - j 


The percentage ionization of the protein chloride is given by the ratio 
a'/W. 



Any osmotic pressun; due to the protein molecule, Pp, must be sub¬ 
tracted from the observed osmotic pressure, Po, in order to obtain the 
fractional osmotic pressure due to the diffusible ions, before this can be 
analyzed to find if the same relationship exists when th(‘ colloid is a protein 
as has been found to exist for gum arabic. The value of Pp is obtained 
from the equation. 


Pp = 


A/F,-10»-25280 
■ M 


Ea' 


where Af is the molecular weight of the protein. Plotting log p _ _ p^^) 

against log [(H+) -j- (Na+)]< should give a straight line if the proper value 
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for M is chosen and if the relationship found in the case of the gum arabate 
also holds for the diffusible ions in the system containing the protein. If 




too high a value for M is chosen in calculating Pp, when the above factors 
• are plotted a curve will be obtained convex in one direction; if ilf is too. 
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small a curve will be obtained which is convex in the other direction, and 
the proper value of M will give a straight line lying between these curves, 
as is shown by the figures. 


DISCUSSION 

Ea’ 

Figures 1, 2, and 3 show the plotted values of log „ - 5—r~7r against 

c — * 0 “T p 

log (+)t for the experiments with egg albumin, cow serum albumin, and 
horse serum albumin, respectively. In each, varying values of M, the 
molecular weight of the protein, are used in calculating Pp. The graphs 
show straight lines when M is of the order of 35,000 for egg albumin, of 
60,000 for cow serum albumin, and of 80,000 for horse serum albumin. 
Other values for M in each case give curved lines, the assumed values for 
M being indicated thereon. 

The values for the molecular weights of egg albumin and horse serum 
albumin as determined by other methods are of the same order of magni¬ 
tude as those for which straight lines are obtained in these graphs. This 
can be taken as proof that the empirical relationship found to exist for 
osmotic pressures derived from diffusible ions in the case of gum arabic 
solutions, holds also for protein solutions where the colloidal molecules are 
of sufficiently small dimensions to exhibit an appreciable osmotic pressure 
of their own. Also, it appears that the molecular weights and osmotic 
activities of the colloids under the conditions of the present experiments 
are not markedly different from those shown at the isoelectric point and in 
the absence of a Donnan equilibrium. 

It cannot be claimed that this method is an accurate one for the deter¬ 
mination of molecular weights of colloid electrolytes. So many calcula¬ 
tions arc involved that a small experimental error becomes a relatively 

Ea' 

large variation in the final values of ^A change in M of over 

L e Po “T Pp 

15 per cent (greater at higher values of M) would be required before the 
straightness of the plotted line would be definitely destroyed. The method 
can, therefore, give only an approximation of the molecular weight of the 
colloid. The experiments show clearly that when the colloid osmotic 
pressure is corrected for, the relationships found to exist for osmotic pres¬ 
sures resulting from the unequal distribution of ions across the membrane 
in the case of gum arabic also hold in the case of proteins, where the mole¬ 
cules of colloid offer an appreciable fraction of the total osmotic pressure 
of the colloid-containing solutions. The membrane acts truly semi- 
permeable for the colloid, which is retained mechanically from passing 
through, and its osmotic activity is proportional to its concentration 
difference across the membrane. For the diffusible ions, the equilibrium 
unequality across the membrane is due to electrostatic forces and not 
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mechanical obstruction. The osmotic pressure due to these ions is not 
proportional to their total concentration difference across the membrane. 
The deviation (Pc — Po) from this expected proportionality is proportional 
to the same factors as found in the gum arabic experiments. A theoretical 
basis for this obscured relationship has not yet been arrived at. Until 
this is done, the significance of slope and intercepts of the straight lines of 
figures 1, 2, and 3 cannot be given. 

The number of equivalents of acid, W, which combine with unit weight 
of the protein in the various experiments is of interest. In the experiments 
shown in the tables the total equivalents of acid added were constant and 
increasing amounts of sodium chloride were added. This increase in salt 
content of the system caused a decrease in R, the ratio of distribution of 
ions across the membrane, thus causing a higher hydrogen-ion concentra¬ 
tion to exist inside of the membrane, with a consequent greater binding of 
hydrochloric acid by the protein. The degree of ionization, a^W, of 
this protein chloride appears to be only of the order of 50 to 60 per cent 
under the conditions of these experiments. In other experiments, the data 
for which are not included in this paper, it becomes apparent that as the 
pH of the protein solution is varied progressively away from the isoelectric 
point of the protein, W increases rapidly through the first increments of pH 
and then more slowly as saturation is reached in solutions of high acid 
content. At the same time the value of a'/W increases slowly at first then 
more rapidly, until in solutions of high acid content (i.e., most distant 
from the isoelectric point) the degree of dissociation approaches 100 per 
cent. This means that protein salts act as progressively stronger electro¬ 
lytes as the pH of their environment deviates from the isoelectric point of 
the protein. From this it would be expected that the degree of ionization 
of the '^Zwitterion’’ in the isoelectric protein solution would have a very 
low percentage of the total possible ionizable groups actually ionized. 

SUMMARY 

An empirical relationship which had already been found to exist for gum 
arabic solutions in defining the deviation between the observed osmotic 
pressure (Po) and the calculated osmotic pressure (Pc) due to the unequal 
distribution of diffusible ions, is found to hold for protein solutions when 
correction is made for the osmotic pressure due to the colloid itself. (With 
gum arabic the size of the micellae was so large as to be negligible in com¬ 
parison with that due to the diffusible ions.) Conversely, if this empirical 
correction for the osmotic pressure due to the diffusible ions is assumed to 
hold for protein solutions, it becomes possible to determine the molecular 
weights of the proteins in dilute solutions and in solutions having hydro- 
gen-ion concentrations other than those at the isoelectric points of the 
proteins. 
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Three proteins were subjected to this analysis. Molecular weights were 
found to be 35,000, 60,000, and 80,000 (d:ca. 15 per cent) for crystallized 
egg albumin, uncrystallized eow^ serum albumin, and crystallized horse 
serum albumin, respectively. 

This relationship for the protein solutions is 

Ea'([±iy , , 

-—p = a constant 

■*C - tt i P 

(at all values of hydrogen-ion, salt, and colloid concentrations) where: 

= observed osmotic pressure. 

Pc = osmotic pressure (calculated) on basis of unequal distribution 
of diffusible ions. 

Pp — osmotic pressure (calculated) due to protein of molecular 
weight = M. 

E =59.1 (pHo — pHt) = the membrane potential, 
a' = equivalents of diffusible ion d(Tived from unit mass of the 
protein. 

[zb], = eon ceil tration of all ions, bearing sann^ sign of charge as the 
protein, in th(‘ colloid-containing solution, i.e., foreign salt 
conec'iitration inside the membrane*. 

X = a constant for a given colloid. 
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In a previous paper (3) gases were found to have a stabilizing effect on 
Zsigmondy gold sols toward electrolytes, but no increase in charge was 
observed by measurement of cataphoretic velocity. The increase in 
stability was observed only with sols which apparently contained second¬ 
ary particles. The study has been extended to other colloidal systems, 
and the results on silver sols are reported in this paper. 

PREPAKATION OF SOLS 
Bredig silver sols 

Bredig silver sols were prepared by the usual method of maintaining an 
arc between two silver electrodes. By use of a dismantled microscope for 
feeding the wire and a large inductance coil (1), a steady arc could be 
maintained. Owing to the formation of gases and the high per cent of 
silver oxide (8), Bredig silver sols were not entirely satisfactory for this 
investigation. Our experience in the preparation of other than a very 
dilute sol is not in accord with that of Best and Cox (2), who report no 
difficulty in preparing sols in water with a specific conductivity of 0.4 to 
0.() X 10“® mhos. DiflSculty was also encountered in preparing a sol of 
sufficient concentration for our studies by use of freshly purified sodium 
hydroxide at the optimum concentration reported by Pauli and Perlak (6). 
However, sodium hydroxide which had been standing in glass bottles gave 
good results. This led to an investigation which showed that sodium 
silicate in concentrations as low as 6 X 10“^ N produced a comparatively 
stable silver sol. Water which had been standing in soft glass bottles a 
short time or in Pyrex bottles for twenty to thirty days gave similar results. 
Consequently a study was made by one of the authors (7) to determine the 
extent and effect of the solution of glass from bottles under laboratory 
conditions. 


Kohlschuiter silver sols 

These sols proved to be unsuitable for the study of the influence of gases 
on their properties, because hydrogen is used in the reduction of the silver 
oxide solution. Since silicates dissolved from glass were found to affect the 
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stability of Bredig sols so markedly, it was thought that greater amounts 
of silicates would be dissolved at the higher temperatures used for reduc¬ 
tion in Kohlschiitter’s method (50-60®C.) and would contribute much more 
to the sols’ properties than has generally been attributed. Accordingly a 
rather extended study was made on the influence of surface and solubility 
of glass on these sols, but before the completion of this work a paper by 
Weiser and Roy (lOl was published which corroborates the results bbtained 
in this laboratory. 


TABLE 1 


Effect of bubbling gases on the precipitation value of silver sols 


SOL KO. 

ORIGINAL 

OXTOBN 

NITROOBN 

HTDROOBN 

UBTUANB 

BTHYLENB 

Bredig 2 

7 0 

13.0 

11.0 

5 0 



3 

8 0 

14 0 

14 0 

6.0 



4 

10.0 

17 0 

18 0 

2.0 



5 

22.0 


23 0 

12 0 


23.0 

Formol 1 

7 0 

20.0 

20 0 

22 0 

32.0 

34 0 

2 

20.0 

32 0 

28 0 

34 0 

42 0 

45 0 

3 

34 0 


38 0 

44 0 


44.0 

4 

40.0 

40.0 

40.0 

40.0 


40 0 

5 

42 0 

42 0 

1 43 0 

43 0 

42 0 

42 0 


TABLE 2 


Effect of gas pressure on precipitation value of silver sols 


SOL NO. 

OHIOINAL 

OXYGBN 

NITROGEN 

HYDROGEN 

METHANE 

ETHYLENE 

Bredig 1 

7.0 

12.3 

10 0 

5.0 



4 

10.0 

14.5 


2.5 



Formol 1 

7.0 

12.0 


16.0 

20.0 

18.0 

2 

20.0 



28 0 

28.0 

30.0 

4 

40 0 

40 0 


40.0 


40.0 


Formol silver sols 

Silver sols prepared by reduction of silver nitrate in the presence of a 
small amount of bromide or iodide with formaldehyde as described by the 
authors (8) proved to be particularly suited to the study of the effect of 
gases on their properties. 


RESULTS 

In order to study the influence of gases on the sols, measurements were 
made of their precipitation values, cataphoretic velocities, and conduct¬ 
ances before and after treatment. Precipitation values were measured by 
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diluting varying volumes of 0.1 N sodium nitrate to 15 cc. and mixing 
quickly with 10 cc. of the sol by use of a tube made as described by Weiser 
and Middleton (9). Cataphoresis measurements were made by the Burton 
moving boundary method in a set-up similar to that suggested by Kruyt 
and van der Willigen (4), and calculations were made as previously 
described (3). 


TABLE 3 


Effect of treatment on stability of silver sols 


FORMOL SOL NO. 

ORKilNAL 

SOL 

CORKSn 
TIGHT 

MSTHANS 

BT^BULSD 

STIRRING 
WITH MOTOR 
IN CORKED, 
PILLED FLASK 

BOILING 

UNDER 

VACUUM 

SHAKING 
IN FLASK 
OPEN 

TO AIR 

STANDING 

OPEN 

TO AIR 

Precipitation 

value 

Color. 

8 0 
Milky 
green 

22 0 
Yellow 

10 0 

Yellowish 

green 

2 0 i 

Green 

20 0 
Yellow 

12 0 

Greenish 

yellow 

Precipitation 

value. 

Color. 

6 0 
Milky 
green 

28 0 
Yellow 

8 0 

Yellowish 

green 

Precipitate 

20 0 
Yellow 

10 0 

Greenish 

yellow 


TABLE 4 

Effect of gases on cataphoreiic velocity of silver sols 
Values in cm./sec./volt/cm. X 10*^ at 25°C. 



" 1 

ORIGI- 

1 OXYGEN 

1 NITROGEN 

1 HYDROGEN 

1 METHANE 

1 ETHYLENE 

SOL NO 












N AL j 

(») , 

(b) 

(a) 

(b) 

(a) 

(b) 

(a) 1 

(b) 

(a) 

(b) 

Bredig 3 

48 

48 


47 

42 







4 

41 

41 

47 

41 

46 

40 

41 





Formol 1 

41 

41 

42 



41 

41 

40 

41 

41 

42 

3 

42 

43 

42 



41 

42 

43 

41 

41 

42 

4 

40 

40 

41 

_ 

41 

40 

41 

40 

1 

40 

41 

40 



(a) Gas bubbled through sol for 3 hours, 

(b) Two atmospheres gas pressure. 


Gases were run through the silver sols hi well-leached Pyrex Erlenmeyer 
flasks for a period of about three hours, which was sufficient to give the 
maximum effect. The effects of gases on the Bredig and the formol silver 
sols are given in table 1. A portion of the sol was kept in a completely 
filled and tightly corked flask on which tests were made for the original 
value. The precipitation values are all given in millimoles of sodium 
nitrate just necessary to cause precipitation. 

To determine whether the stabilizing action was due to the agitation or 
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to the presence of gases, samples of the same sols were treated with gases 
under a pressure of 2 to 3 atmospheres for the same length of time. In 
general, gases under pressure stabilized the sol, but the effect was not as 
great as that caused by bubbling. The results are tabulated in table 2. 

Experiments, as tabulated in table 3, were carried out to determine 
whether agitation alone, in the absence of gases, increased the stability. 

The results of the cataphoresis measurements are given in tables 4 and 5. 
Table 4 gives a summary of some of the results for different gases, and table 
5 gives detailed values taken during the measurements on two of the sols 

TABLE 5 


EjSfect of methane and hydrogen on cataphoretic velocity 


FO»MOL SOI. NO. 3 

TXMB IN 
MINUTBS 

VOLTS 

msTANcn 

BBTWRBN 

ELBC- 

TRODB8 

IN CM 

DISPLACB- 
IIBNT 
TOWARD 
posmvB 
POL.B IN 
CM. (UP) 

DZAPLACB' 
MBNT 
AWAY 
FROM 
NBGATIVB 
POLB IN 
CM. 

(DOWN) 

VBLOriTY 
IN CM / 
sbc./volt/ 
CM X 10* 

Original. 

20 

70 

28.6 

1.35 

1 05 

40.9 

Hydrogen. 

20 

70 

28 6 

1.20 

1 20 

40.9 

Methane. 

20 

70 

28 6 

1.25 

1 20 

41 7 

Methane, pressure .. 

20 

70 

28 6 

1 30 

1.15 

41.7 


TABLE 6 

Effect of gasee on conductance of silver sols 
Values in mhos X 10® at 25®C. 


sol no. 

ORIGINAL 

OXyOBN 

NITROOBN 

HYDROGEN 

HYDROGEN 

PRESSURE 

ETHYLENE 

Bredig 3 

35.5 

32.4 

32.5 

19.6 

26 9 


4 

49 2 

48.4 

49 0 

26.3 

33.0 


Formol 1 

423 

422 


423 

422 


2 

453 

452 

452 

453 


452 

4 

511 

511 

512 

511 

511 

512 


treated with hydrogen and methane respectively. Table 6 gives some of 
the results of conductance measurements before and after treatment with 
gases. 


DISCUSSION 

The results given above show that the presence of gases produced a 
stabilizing effect on the silver sols except in the case of Bredig sol No. 5 
and formol sols Nos. 4 and 5. Bredig sol No, 5 was made by adding 
slightly more sodium silicate than the amount necessary to produce a sol 
of fair concentration. Formol sols Nos. 4 and 5 were made by adding 6 
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cc. and 10 cc. of 0.01 N potassium bromide compared to 1.75 cc., 2.0 cc., 
and 2.5 cc. of 0.01 N potassium bromide for sols 1, 2, and 3 respectively. 
Formol sols Nos. 4 and 5 were yellow and clear by transmitted light, indi¬ 
cating a high and uniform degree of dispersion. The other three sols were 
cloudy and milky green when prepared and remained unchanged on stand¬ 
ing in a stoppered flask. Bubbling gases through the cloudy sols changed 
the color from milky green to a clear yellow, indicating a higher and more 
uniform degree of dispersion. No effect on the color of the yellow sols 
having the larger amounts of potassium bromide was discernible after 
treatment with gases. Thus, it appears that gases affect only those sols 
which arc on the border line of stability and which apparently contain 
secondary particles, that is, an agglomeration of two or more primary 
particles. If less than 1.75 cc. of 0.01 N potassium bromide was used, the 
sol was unstable, and gases would not stabilize it. Gases apparently do 
not take the place of stabilizing ions. Hydrogen decreased the stability of 
Bredig silver sols, owing to reduction of silver oxide and hydroxide as 
shown by conductance measurements in table 6. 

A much larger number of experiments were made than those given in the 
tables, and in many of these the amount of electrolyte necessary for com¬ 
plete precipitation of all of the colloid in some of the milky green sols which 
had been tightly corked was rather high, even though 1 cc. to 2 cc. caused 
more than two-thirds of the colloid to settle out. This partial precipita¬ 
tion would indicate an inhomogeneous sol. In the case of the yellow sols 
greater uniformity was shown, because (‘omplete precipitation occurred 
when the characteristic color change was produced. More vigorous 
stirring during preparation should, therefore, tend to form a more homog¬ 
enous sol. 

The cataphoretic velocity measured and calculated as above is appar¬ 
ently not changed, within the limits of error, by treatment with gases. 
However, examination of the displacements in the positive and negative 
arms of the tube before and after treatment with gases as given in table 5 
showed that there had been a change either in the electrical nature or in the 
size of the particles. Settling of the larger particles in the negative arm 
should tend to even up the displacements, so the effect was not due to a 
change in the size of the particles; moreover, since the conductance of the 
sols remained unchanged, the effect was due to differences in distribution 
of charges on the particles. 

In all cases the sum of the displacements was the same within the limits 
of error in reading the boundary, but the displacement upward toward the 
positive pole for the original sol was 1.35 cm. while the displacement down¬ 
ward away from the negative pole was 1.05 cm. After treatment by 
bubbling gases, and for the yellow sols in general, the displacements were 
more nearly even, about 1,2 cm. in each arm. This indicates that before 
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treatment some of the particles had a higher negative charge than others 
and were attracted to the positive pole faster than the less negative ones 
were repelled by the negative pole, thus giving different values for the 
displacements. After treatment with gases, it appears that the particles 
all had nearly the same charge. A redistribution of stabilizing ions must 
have resulted from the agitation during treatment with gases. This con¬ 
clusion is borne out by the observations given in the previous paragraph 
on their behavior during precipitation. These observations show that the 
moving boundary method of determining cataphoretic velocity makes it 
particularly useful in obtaining the average charge on the colloidal particles. 
If the above explanations are true, then the contentions of Mukherjee (5) 
that the upper liquid used should always be adjusted so that the displace¬ 
ments of the upward and downward moving boundaries arc the same are 
not entirely justified in all cases. 

Since the values in table 3 show that agitation alone will not produce the 
increase in stability or effectively cause as even a distribution of stabilizing 
ions as treatment with gases, it may be assumed as in the previous paper 
(3) that the gases are adsorbed in a layer on the surface of the particle, 
thus modifying adsorption of ions from the precipitating electrolyte. Only 
those sols on the border line of stability are affected by gases. This appar¬ 
ently means that they furnish some surface on which the gases may be 
adsorbed. By use of larger amounts of potassium bromide the surface may 
be covered with the more strongly adsorbed layer of bromide ions. This 
is in accord with the theories of poisoning of catalytic surfaces. Just why 
the agitation in the presence of gases should cause a more uniform and more 
permanent distribution of stabilizing ions, we are not fully prepared to 
explain. However, in the presence of gases it may be assumed that as 
soon as secondary particles are broken up the adsorbed gas prevents 
re-formation of secondary particles. Also if the presence of a gas is not 
accompanied by agitation, the secondary particles may not be as readily 
broken up, and contact between the gas and the surface of the particle is 
limited. 


SUMMARY 

1. A discussion of the methods and difficulties involved in preparing 
silver sols has been given. 

2. The influence of gases on silver sols treated in various ways has been 
determined by measurement of precipitation values, cataphoretic velocities, 
conductances, and color changes. 

3. Gases seem to have a stabilizing effect on those sols which are on the 
border line of stability and which apparently contain secondary particles. 
Agitation with gases produces a uniform distribution of stabilizing ions 
giving an apparently homogeneous sol. When the secondary particles are 
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broken up, the adsorbed gas apparently prevents their re-formation. No 
increase in the average charge of the particles was observed by measure¬ 
ment of cataphoretic velocities. 
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Many para-disubstituted benzene derivatives, like p-dichloro- and p- 
dinitrobenzene, have zero moments. This zero moment is to be expected 
if the benzene ring is flat, since the two substituted dipoles are exactly equal 
and act in diametrically opposite directions. That certain para compounds 
with identical groups do possess a definite dipole moment was first dis¬ 
covered by Hassel and Naeshagen (4). They report the moment of the 
p-phthalaldehyde molecule to be 2.85 X 10'^* e.s.u., but they offer no 
explanation for the apparent abnormal behavior. 

This apparent anomaly has been explained by Bergman and PJngle (1) 
on the basis of the theory that the moment of the aldehyde group does not 
act along the line joining the group to the benzene nucleus. Hence, con¬ 
sidering the possibility of free rotation about the bond, the two vector 
moments may, or may not, act at an angle of 180°, as was previously 
supposed in all para compounds. 

This type of anomalous moments has since been found to be a common 
characteristic of all molecules containing an —OR group attached to the 
benzene nucleus, where R may be a hydrogen atom, an alkyl group, an 
acyl radical, or groups containing oxygen, like —CHO and —COOR. It 
also occurs when the substituted groups are —NH 2 , —NHR, or —NR 2 . 

The present paper contains the results obtained from a study of the 
electric moments of some substituted benzaldehydes, of the three ethanol- 
amines, and of 2-ethylhexanol-l and the corresponding aldehyde. 

APPARATUS AND MATERULS 

The dielectric constants of the solutions were measured by the usual 
heterodyne beat method, using dynatron oscillators (3) for both variable 
and constant frequency circuits. The circuit diagram, shown in figure 1, 
was chosen because of its demonstrated frequency stability. The measur¬ 
ing cell, figure 2, consists of two gold-plated brass discs, one rigidly fixed 
and the other mounted on the end of a micrometer screw. With this 
arrangement the position of the plates may be changed and precisely 
duplicated. The plates were suspended from a tight-fitting Bakelite disc, 
which also serves as the cover of the Pyrex jar containing the solution under 
investigation. 
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The densities were determined by means of a 30-cc. Ostwald-Sprengel 
pycnometer and are accurate to one part in 300,000. The refractive in¬ 
dices of the liquids were measured by means of a large Pulfrich refractom- 
eter provided with a heating device. All measurements were made at 
ZS^C. ± 0.01°. The weighings were made with certified weights and were 
corrected for air buoyancy. 



Pig. 1. The Cibcoit Diagram 



Fig. 2. The Measuring Celu Fig. 3. Three-vector Diagram 

The benzene was made thiophene-free and then carefully purified in the 
approved standard way. It was finally dried over sodium wire, fraction¬ 
ally distilled, and fractionally crystallized. The boiling point of the middle 
fraction obtained by distillation through a Loveless column (7) was 80.1°C. 
at 760 mm.; its freezing point was 5.4°C. Commercial 1,4-dioxane was 
carefully purified by the method of Kraus and Vingee (6). The final 
distillation gave a middle fraction boiling at 101.3°C. at 760 mm. 

The various aldehydes used were either Eastman’s highest grade prod¬ 
ucts, or they were specially prepared in our Division of Organic Manufac- 
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tures under the direct supervision of Dr. George H. Coleman. They were 
further purified by accepted method.s. Commercial triethanolamine from 
the Carbide and Carbon Chemicals Corporation was fractionally distilled 
under reduced pressure, using a small still of the Loveless type (7), modified 
for operating at reduced pressures. Repeated fractionation yielded the 
three pure amines. Their boiling points were: monoethanolamine, 65.0°C. 
at 5 mm.; diethanolamine, 134.0°C. at 3 mrn.; triethanolamine, ]75.0°C. 
at 2 mm. 

The 2-ethylhexanol-l, also obtained from the Carbide and Carbon 
Chemicals Corporation, was first treated with metallic sodium wire to 
remove water and the lower alcohols. It was then fractionally distilled, 
and the middle fraction boiling at 185.5°C. at 7G0 mm. was retained. The 
a-ethylcaproaldehyde, from the same company, was dried over phosphorus 
pentoxide and fractionally distilled; its b.p. was 163.4-163.5°C. at 760 mm. 
Dioxane was used as the solvent for the three ethanolamines and p-bromo- 
and p-hydroxy-benzaldehyde, while benzene was the solvent for the 
remaining compounds. 


EXPERIMENTAL 

The experimental data arc collected in table 1. Here, Nz is the mole frac¬ 
tion of the dissolved substance, K is the dielectric constant, and d is the 
density of the solutions. Each value given is the mean of several closely 
agreeing, independent determinations. In table 2 are collected the values 
obtained for the total polarization, P„, the molar refractivity, MRd, and 
th(! electric moment, p, of the compounds studied. 

The total polarization was calculated by means of the equation (5): 

„ - 1 1 A, d-di A/i\ 3A/i F-Kz 

"‘~Ki + 2di\^ Nz ' dj ^ di{Ki + 2y Nz 


where the subscript 1 refers to the pure solvent, subscript 2 to the pure 
solute, and the symbols without subscript refer to the solution of mole 
fraction Nz. The molar refractivities were calculated by means of the 
Lorenz-Lorentz equation 


MH = 


n® — 1 
n2 +2 


M 

d 


except for the two solid compounds for which the value given is the sum of 
the atomic refractivities. The dielectric constants are probably accurate 
to about 0.02 per cent and the densities to 0.005 per cent. Because of its 
limited solubility in dioxane, the electric moment of monoethanolamine was 
calculated from data on a single solution. Except for this one substance, 
the electric moments of the compounds are probably correct to within 1 
per cent. 
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TABLE 1 


The dielectric constants, densities, and mole fractions of solutions of certain aldehydes 
and ethanolamines in benzene and dioxane at 


Ni 

K 


Nf 

K 


Ni 

K 

d».‘ 

j)-Broinobenzaldehyde 

p-Hydroxybenzaldehyde 

jo-Methoxybenzaldehyde 

0 04564 

2.533 

.1 06185 

0.04039 

3 255 1 

1.03659 

0 05439 

3.440 

0.89152 

0.02849 

2.412 

1.04885 

0.02822 

2.933 

1 03400 

0.02992 

2.920 

0.88324 

0 02016 

2 351 

1 04317 

0.01933 

2 712 

1.03230 

0.02070 

2.711 

0.88010 

0.01013 

1.288 

1.03600 

0 00999 

2.471 

1.02900 

0.01104 

2.501 

0.87674 

j?-ToluaIdehyde 

2-Ethylhexanol-l 

a-Ethylcaproaldehyde 

0.07499 

3.462 

0.88659 

0.04942 

2.460 

0.86805 

0.04820 

2 714 

0 86863 

0.04965 

3.062 

0.88226 

0 02966 

2 399 

0.86997 

0 02957 

2.541 

0 87086 

0.03025 

2.751 

0.87875 

0.01932 

2 349 

0.87094 

0.01950 

2.453 

0.87146 

0.01989 

2.584 

0.87633 

0.00909 

2 316 

0.87204 

0.01095 

2 376 

0 87230 

0.01036 

2.434 

0.87476 







Triethanolamine 

Diethanolamine 

Monoethanolamine 

0.03964 

2.928 

1.03360 

0.04514 

2 174 

1.03070 

0 01016 

2 288 

1 02718 

0.02857 

2 743 

1.03184 

0.03261 

2,568 

1.02976 




0.01990 

2.579 

1.03074 

0.02049 

2.450 

1.02910 




0.01960 

2.577 

1.03056 

0.00933 

2.323 

1.02842 




0.00724 

2 344 

1 02884 





I 



TABLE 2 


Molecular polarization, molecular refractivity, and electric moments at 25^C, 


COMPOUND 

00 


n X io« 

E 8 U. 

p-Bromobenzaldehyde.. 

134.1 


2 19 

p-Hydroxybenzaldehyde. 

396.0 

1 33 38 

4 19 

p-Methoxybenzaldehyde. 

345.0 

37.95 

3.85 . 

p-Tolualdehyde. 

262.0 



2-Ethylhexanol-l. 

103.6 

40.45 

1.74 

a-Ethylcaproaldehyde. 

183.3 

39.19 

2.64 

Triethanolamine. 

301.0 

37.82 

3.57 

Diethanolamine. 

189.9 

26 95 

2.81 

Monoethanolamine. 

122.0 

16.22 

2.27 


DISCUSSION 

Applying the method of Bergman and Engle to the resolution of the 
moment of p-bromobenzaldehyde, we have calculated the angle between 
the aldehyde group moment and the line joining the 1 and 4 carbon atoms 
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of the ring to be 127°. They also designate by a the angle between the 
planes in which the two moments lie and which also pass through the 1 and 
4 carbon atoms of the benzene ring. This angle was calculated to be 153° 
for p-hydroxybenzaldehyde and 150° for 7 >-mcthoxyb(>nzald(!hyde. In 
these calculations the moments and angles employed for the hydroxyl 
and rnethoxyl groups are the values recorded by Bergman and Engle, 
namely, 1.70 X 10~** and 1.23 X 10~‘® e.s.u., and 83° and 73°, respectively. 

The moments of the monoethanolarninc and the diethanolamine were 
calculated from bond and group moments on the basis of th(> following 
assumptions: ( 1 ) the moment of each of these amines is the vector sum of 
the N—H and the N—(' 2 H 4 OH bonds; ( 2 ) the contribution of each such 
moment to the total moment is the same, regardless of the other bonds 
present. Thus, for example, the contribution of one N—H moment to the 
moment of the molecule is the same in diethanolamine as in ammonia. 

From figure 3 it will be observed that for three equal vectors, v with an 
angle 0 between them, each vector contributes one-third to the resultant 
vector, m. The angle jS between any one vector and the resultant is given 
by 

cos /3 = m/Zv 

The angles 6 and /3 arc connected by the relation, 

sin 0/2 = (•n/ 3/2) sin /8 

If now we assume that the moment of the triethanolamine molecule is the 
resultant of three hydroxyl moments, each of m = 1.70 X e.s.tj., and 
acting at an angle B to each other, this angle may be calculated by the 
above relations. The calculated value of B is about 77^. However, the 
assumption made is not exactly true, since it omits from consideration the 
contribution of the N—C moment; the resultant error due to its omission 
is probably not large. Wo thus obtain a tetrahedral configuration of the 
vectors with the nitrogen atom at the apex. The angle, between each 
vector and the altitude is found to be 46°. 

The angles B and were also calculated for the ammonia molecule, using 
Dennison and Uhlenbeck\s values ( 2 ) for the interatomic distances, namely, 
N—H = 1.02 A.U. and H—= 1.64 A.U. The angles for ammonia are: 
B = 107° and jS = 68 °. With these angles and the moment of the ammonia 
molecule, 1.49 X 10 “^®, the moment of the N—H bond was calculated to 
be 1.33 X 10~^® E.s.u. It is evident then that the N—vectors for ammo¬ 
nia form a somewhat flatter tetrahedron than do the vectors of triethanol¬ 
amine. 

With these values for the moment vectors and the angles between them 
and the resultant vector we have calculated the moments of the mono- 
ethanolamine and diethanolamine to be 2.19 X 10~^® and 2.87 X lO”"^® 
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E.S.U., respectively. The corresponding values obtained experimentally 
were 2.27 x lO-^* and 2.81 X 10"“^®. In making these calculations it has 
been assumed that each N—moment and each N— C2H4OH moment 
contributes the same moment to the total moment of monoethanolamine 
and diethanolamine that it contributes to the total moment of ammonia 
and triethanolamine. Considering the assumptions made, the agreement 
between the calculated and experimental values of the total moments is 
exceptionally good. 


SUMMARY 

1. The dielectric constants and the densities of dilute solutions of p- 
bromobenzaldehyde, p-hydroxybenzaldehyde, p-methoxybonzaldehyde, 
p-tolualdehyde, 2-ethylhexanoH, a-ethylcaproaldehyde, triethanolamine, 
diethanolamine, and monoethanolamine have been measured at 25°C. 

2. From these the total polarization and the dipole moments of each of 
the compounds have been calculated. 

3. The spacial orientation of the group moments in the substituted 
benzaldehydes and in triethanolamine have been calculated. 

4. The moments of diethanolamine and monoethanolamine calculated 
from theoretical considerations agree well with the values determined 
experimentally. 
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It is well known that glass becomes colored, usually brown or violet, 
when it is exposed to x-rays or other ionizing radiation. The color of glass 
which is expos('d to a source of constant intensity increases at first rapidly 
and then gradually until it finally reaches a constant value, the saturation 
color. While a great deal of work has been devoted to the study of these 
effects (7, 12; sec also 2, 4, 9, 11), there is relatively little quantitative 

information^ available on the rate of coloring of glass by x-rays. In this 
paper are presented measurements on the relative absorption of visible 
light as a function of wave length and on the relative absorption of mono¬ 
chromatic light as a function of duration of x-ray irradiation. 

EXPERIMENTAL METHOD 

Glass samples, 5 cm. square and about 4 mm. thick, were exposed to a 
Coolidge water-cooled x-ray tube during the routine treatments of patients 
in the Cancer Institute of the Minnesota General Hospitals. The expo¬ 
sures were not continuous, but consisted of 15- to 30-minute doses separated 
by 5- to 10-minute intervals. Approximately five hours were given per 
day. The glass was not exposed at night, nor on Saturday afternoons, 
Sundays, or holidays. 

The deep therapy tube (operated on 200 kv. (peak voltage) and 30 ma. 
current. The glass samph's wrapped in bla(;k paper were placed inside of 
the cylindrical lead drum surrounding the tube. They were about 14 
inches from the target and under the cathode end of the tub(\ The x-rays 
striking the glass wer(‘ filtered only by the tube itself, except in a few cases 
where 1 mm. copper was used. The temperature inside of the drum was 
approximately 25®C. 

The color changes were determined in terms of absorption of mono¬ 
chromatic rays in the visible spectrum. A Bausch and Lomb constant 

1 This work was supported by a grant from the Graduate School of the University 
of Minnesota. 

^ See, however, reference 6. 
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deviation spectrometer and a photometer of the Konig-Martin type were 
used. The absorption of the colored glass was measured relative to that 
of a clear sample (not irradiated) cut originally from the same piece of glass. 
The irradiated and non-irradiated samples were interchanged in the 
photometer specimen holders in order to eliminate partially the errors duo 
to reflection, unequal intensity of the two beams, and lack of perfect adjust¬ 
ment of the “zero” point of the photometer. The glass surfaces were 
cleaned thoroughly before each set of photometer match points were read. 
Immediately after each set of readings, the glass was returned to the x-ray 
protection cylinder and placed in the same position as before. 



Fio. 1 Fia. 2 

Fig. 1. Relative Absorption' as a Function op Wave Length 
Fig. 2. Test op the Hypothesis that the Quantity cl Is Independent op 

Wave Length 

The x-ray intensities at the surface of the glass were the same for most 
samples. A few pieces of Pyrex, however, were exposed to rays filtered by 
1 mm. copper. The intensities of the filtered and unfiltered rays were 46.6 
and 186 roentgens per minute, respectively. Twelve per cent of the former 
and 26 per cent of the latter were absorbed by the glass. These measure¬ 
ments were made by means of a Victoreen Roentgen meter. 

DISTRIBUTION OF COLOR 

A brownish color, similar to that of commercial amber glass, appeared 
in all of the samples of glass used, upon irradiation. In figure 1, the rela¬ 
tive absorption for a sample of Pyrex is plotted against the wave 

length of the analyzing light. The three curves correspond to irradiation 
periods of 10,46, and 104 hours, respectively. 
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Probably the simplest interpretation of the change of color with time 
can be based upon the postulate that the color is due to one substance and 
that Beer’s law applies to the absorption of monochromatic light of all wave 
lengths studied. On the basis of this assumption we may write’ 

log = ocl (1) 

where a is the absorption coefficient, I the thickness of the glass, c the con¬ 
centration of the colored substance, and I and h the intensities, respec¬ 
tively, of the transmitted and incident light of wave length X. If at a 
given time (<) we compare the absorption for two different wave lengths 
(X and X'), we may write 

= log 0 — log o' = constant (2) 

If the relation is obi'yed, a plot of 

log log - log log 

\i /X \i /X,reference 

against time should consist of one horizontal straight line for each wave 
length, X. Such a plot is presented in figure 2, for the same sample of 
Pyrex which was used in figure 1. It is apparent that the lines show no 
trend away from the horizontal, and that the erratic departures arc due to 
experimental errors. Additional evidence for this hypothesis may be 
obtained by considering measurements which were made for X 4800 and 
6800 A.U. on four different samples of Pyrex, over somewhat longer periods 
of time. The data arc briefly summarized in table 1. 

Samples AV and AVI I were cut from one plate of Pyrex, which pre¬ 
sumably differed in batch from the plate from which samples BI and BII 
were cut. The constancy of 

log log (/o//) 4800 A.U. - log log (/o//) 6800 A.U. 

for each series of measurements is demonstrated by the magnitude of the 
average departure from the average value, column three. That this 


log log - log log 


® It should be mentioned that this same relation may be based upon the assump¬ 
tion that any number of different colored substances are present, but that the ratios 
of their concentrations do not change with time or irradiation. The postulate 
implies also that the colored substance is distributed uniformly. This condition 
probably exists within the limits of sensitivity of our spectrophotometer. More¬ 
over, it is not probable that the same surface of the glass was placed nearest the 
x-ray tube each of the many times it was returned for more irradiation. We intend 
to test in later experiments the distribution of colored material within the glass. 
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quantity is also constant for the different samples of glass is evident from 
the data in column two. The last two columns are included to indicate 
the range of values covered. 

A series of measurements, similar to those summarized in figure 2, were 
made with a piece of flint glass, of unknown origin. The color distribution 
of this sample resembled that obtained for Pyrex within the limits of experi¬ 
mental error, and there is the same definite evidence that the ratio 
«x/ax,reference is a constant. Qualitative experiments with “plate glass” 
and with Corex D indicated the same color distribution as was obtained for 
Pyrex. 


TABLE 1 


Evidence for the constancy of the quantity log aaooA u.-^ log aesooA.i/. 


SAMPLE 

LOO LOO (/o//)4800A U. 

-LOG LOG (/o/^)6800A U 

AVERAGE ERROR 
OP THE 

AVERAGE VALUE 

NUMBER OK 
MKA8UUEMENTS 

DURATION OF 
EXPERIMENT IN 
HOURS 

AV 

0.63 

0 02 

21 

no 

AVII 

0 63 

0 01 

11 

310 

BI 

0 61 

0.03 

14 

181 

BIl 

0 67 

0.02 

10 

186 


RATE OP COLORING 

The general form of the curve relating the absorption (for visible light) 
of glass to the duration of the exposure to x-rays has been established by 
the work of Kersten and Dwight (6). Quantitative interpretation of their 
results is difficult, since they measured the absorption of white light, and 
furthermore they used as their measuring instrument a photronic cell, the 
sensitivity of which is a function of wave length. In their experiments on 
the rate of fading of irradiated glass, they demonstrated that soft glass 
fades appreciably even at room temperature in the dark. This result was 
confirmed for samples of soft glass which were irradiated under our experi¬ 
mental conditions. However, the rate of fading of irradiated Pyrex proved 
to be much slower, amounting to not more than 2 or 3 per cent reduction 
in relative absorption* during a week at room temperature. For this 
reason, all of our experiments on rate of coloring were performed with 
samples of Pyrex. 

In attempting to interpret our results, we have made the following 
assumptions. The rate at which the colored substance is formed is pro¬ 
portional to the product of the intensity of the absorbed x-rays and the 
concentration of some substance which reacts to form the colored material. 
Saturation is reached when this rate is counterbalanced by thermal fading 

‘ That is from, say, 0.45 to 0.44. 
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and by a second process, which is proportional to the product of the inten¬ 
sity of the absorbed x-rays and the concentration of the colored substance. 
These assumptions may be expressed by the equation 

= kiM -O- k'C - f{C, M, T) (3) 

where M is the initial concentration of the substance which can be trans¬ 
formed into the colored material, C is the concentration of the colored 
substance, t is time, T is temperature, and k and k' are factors which are 
directly proportional to the intensity of the absorbed x-rays. The term 
/ (C, M, T) represents the thermal rate of fading. In the following treat¬ 
ment, this last term (which is of unknown form) will be neglected, and the 
resulting equation will be applied to the experimental data for the first 
sixty hours of irradiation, during which time the rate of coloring (and there¬ 
fore dc/dt) is relatively large compared to the thermal rate of fading.* 
With this term omitted, tluf equation may be WTitten as 


kM 


dc _ 


d^ 


(4) 


Integrating between the limits 0 and t and 0 and C, 
C — . 

A + A;'' ' 

Eliminating C between equations 1 and 5, 

log ^ = alM [1 - c 

1 aJ -j- /C 

= a(l - e-^‘) 


(5) 

( 6 ) 
(7) 


where a is a positive coefficient, which is directly proportional to the thick¬ 
ness of the glass (1) and the absorption coefficient (a) for the analyzing 
light, but is independent of the intensity of the absorbed x-rays, and /3 is a 
positive expoiK’iit which is directly proportional to the intensity of the 
absorbed x-rays. 

It is interesting to note that equation 7 is consistent with two widely 
different hypotheses. Either that the initial concentration M is extremely 
small and that saturation is reached when this substance is used up, no 


‘ Glass samples which were irradiated for two or three hundred hours did not 
gradually approach a constant saturation value (as was expected), but showed an 
erratic fluctuation, of from 6 to 10 per cent of the relative absorption, around this 
constant value. This fluctuation was probably the result of our experimental tech¬ 
nique, being due chiefly to changes in the room temperature and to changes in the 
intervals which elapsed between irradiation periods. We are planning to repeat 
this work under conditions which will minimize these factors. 
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radiochemical back reaction being assumed; or that the initial concentra* 
tion M is large enough so that the concentration Af — C is not sensibly 
altered by irradiation, and that saturation is a steady state at which the 
radiochemical forward and back reactions are equal. 

Equation 7 was tested by fitting it (graphically) to the experimental 
data. The curves in figures 3, 4, and 5 are plots of the equation. The 
corresponding experimental points are represented by circles. The values 
used for the constants a and 0 are summarized in table 2. The first two 
columns of this table refer to the numbers of the figures and of the glass 
samples. The wave length of the analyzing light is given in column three, 
and the thickness of the glass in column four. The values of the constants 
are given in the last two columns; of these, the four values printed in 



heavy type were determined empirically. The constants of the equation 
were first determined to fit the data for sample Bill, figure 3. The same 
value for |3 was used for all experiments, except those on sample BI. For 
all data obtained with X4800 A.U. as the analyzing light, the value of a used 
was 0.81 X Z/3.94 mm. To allow for the difference in the absorption 
coefficient (a), the values of a for experiments with X6800 A.U. were 
obtained by multiplying the corresponding value (i.e., for the same sample 
and irradiation) for X4800 A.U. by the empirical factor 0.25. The value 
of p was determined empirically from the data for Bl, X4800 A.U., since 
this sample was not exposed directly to the x-rays, but was surrounded by a 
copper filter which decreased the intensity and increased the average 
requency of the absorbed x-rays. 

The graphs demonstrate that, with the exception of the data for sample 
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A, figure 5, the experimental points are fitted by equation 7 within the 
limits of experimental accuracy. The curve for sample A is uniformly 
about 10 per cent lower than the experimental points. However, it must 
be remembered that samples A and B were not taken from the same lot of 
Pyrex, and there is no o priori reason for assuming (as we have) that the 
values of a and will be the same for different batches of Pyrex. If the 
initial concentration M were 10 per cent greater in sample A than in 
sample B, the discrepancy would be explained.* 

Since we have assumed that k and k' are directly proportional to the 
intensities of the absorbed x-rays, we should expect that the ratio of the 
values of for the experiments with filtered and unfiltered x-rays, would 
be equal to the ratio of the energies absorbed from the x-rays. The ratio 
of the values of /S is 0.064/0.0096 = 6.7; the experimentally determined 

TABLE 2 


Summary of data of figures 5, 4, and 5, A test of equation 7 


FiaURS 

8AMFLB 

X 

l 

a 

$ 

3 

4 

Bill 

BII 

A.U 

4800 

4800 

mm. 

3 94 

3 85 . 

0.81 

0.79 = 3 85 0.81 

0.064 

0.064 

5 

A 

4800 

4 54 

3.94 

0.93 = 4 54 0 81 

0.064 

4 

BII 

6800 

3 85 

3 94 

0.20 * 0.25 X 0.79 

0.064 

5 

A 

6800 

4 54 

0.23 « 0 25 X 0.93 

0.064 

3 

BI 

4800 

3 85 

0.79 = 3 85 0 81 

0.0096 

3 

BI 

6800 

3 85 

3.94 

0.20 = 0.25 X 0.79 

0.0096 


ratio of the intensities of the absorbed x-rays is 8.3. While these ratios 
are substantially in agreement, their difference is probably larger than the 
experimental error. The difference may be ascribed either to a departure 
from direct proportionality between kz (and possibly ki) and the intensity, 
or to a relatively greater efficiency of the more penetrating x-rays trans¬ 
mitted by the copper filter. 

The coloring due to a-, jS-, and y-rays 

The effect of x-rays on glass is, in many respects, similar to the effects 
of the radiations from radioactive substances. The distribution of absorp¬ 
tion, as a function of the wave length of the analyzing light, seems to be 
quite independent of the type of radiation. The color of glass irradiated 

• This assumption is consistent with the first hypothesis, that M is very small, 
being the concentration of some impurity. 
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by hard x-rays appears to be quite homogeneous, but glass which is exposed 
to the complete radiation from radon or radium salts develops three layers 
of differing intensity. o-Eays produce a thin skin of intense color, about 
0.04 mm. thick ( 10 ). /3-Rays produce a layer of intermediate intensity, 
which shades off gradually but appears to be about 2.5 mm. thick (2). 
The energy absorbed from the accompanjdng -y-rays is very much smaller, 
and the coloring of glass by them is correspondingly slow, but is of course 
uniform. Some measurements made on the coloring of the plane ends 
(3.4 mm. thick) of a cylindrical Pyrex cell, of 30 cc. volume, which was 
filled with about 100 millicuries of radon, may be of interest in this con¬ 
nection. The color increased very rapidly at first, and appeared to a casual 
inspection to have reached saturation after forty-eight hours. However, 
sensitive photometric measurements revealed that the color was still in¬ 
creasing slowly after three hundred hours had elapsed. A second and even 
a third charge of radon (of approximately 100 millicuries each) failed to 
bring the color to a saturation value. In our opinion, these facts indicate 
that a source which produces either «- or /3-rays is not well adapted to 
quantitative measurements on the coloration of glass. On the other hand, 
a pure v-ray source is (except for the inconvenient slowness of its action) 
an ideal one for the purpose. 

Experiments on the rate of coloring of glass subjected to the complete 
radiation from radium sulfate have been reported by Kabakjian (5). His 
absorption measurements appear to have been made with white light. 
The equation which he develops to fit the data is based upon the assump¬ 
tion that saturation is reached when the rate of thermal fading is equal to 
the rate of coloring due to the absorbed radiation. As the author points 
out, the known extremely slow rate of thermal fading (at room tempera¬ 
ture) and certain inconsistencies in the empirically determined values of 
the constants make it practically certain that the agreement between the 
experiments and the equation is fortuitous. 

An equation similar to that derived in this paper was presented in 1923 
by Belar ( 1 ) to represent the rate of coloration of rock salt subjected to jS- 
and 7 -radiation. In 1926, Przibram ( 8 ) subjected the question to a 
thorough analysis and decided that the formula of Belar was not sufiScient 
to represent all of the facts; he derived a more complex expression which 
was consistent with the available data on the coloring of rock salt by 0- 
and 7 -radiation. In these experiments it was established that the satura¬ 
tion value of the absorption is a function of the intensity of the absorbed 
/3, 7 -radiation. Kabakjian’s claim that the saturation limit is a function 
of intensity for glass irradiated by a, j 8 , 7 -radiation does not appear to be 
definitely proven. There is at present no evidence to indicate that a 
similar effect exists in the coloring of glass by x-rays. Further experiments 
should be performed, using hard x-rays or 7 -rays under carefully controlled 
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conditions to test this point and to throw some light on the various ques^ 
tions raised by the present work. 

SUMMARY 

Some experiments have been performed on the rate of coloring of Pyrex 
glass by irradiation with hard x-rays, and on the distribution of relative 
absorption, of the colored glass, as a function of wave length for visible 
light. A simple hypothesis of the rate of coloring has been suggested, an 
equation has been derived from this hypothesis, and it has been shown that 
the experimental measurements are in agreement with the equation. Some 
discussion of the analogous effects of radiations from radium is included. 

In conclusion we wish to express our appreciation of the cooperation and 
interest of Dr. Wilhelm Stenstrom, of the Cancer Institute, and of Prof. 
S. C. Lind, Director of the School of Chemistry. 
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Wark and Wark (4) have used the measurement of contact angle at the 
line of triple contact air-solid-water as a means of studying adsorption by 
the solid of the class of compounds known in flotation as ^^collectors/^ It 
was shown that, for a group of soluble collectors containing the —SH group 
or its alkali metal salts, the angle of contact is dependent only upon the 
specific non-polar group of the adsorbed collector. Though the collectors 
most commonly used today for the flotation of the sulfide minerals are 
almost all of this type, several other types are of considerable theoretical 
interest, namely: (1) soluble salts of the fatty acids, in which, as in the 
xanthate type, the non-polar group is in the negative ion; (2) soluble 
salts of the amines, in which the non-polar group is in the positive ion; 
(3) sparingly soluble oils. The first of these types is being investigated 
elsewhere by the contact angle method. Work on the second type is 
described in this paper. Work on the third type is to be undertaken 
shortly. 

Amines have been chosen to facilitate a comparison between (a) different 
members of the series of primary amines from the methyl to the hexyl 
derivatives, (b) different members of the series of quaternary amines from 
the methyl to the amyl derivatives, (c) the ethyl derivatives of the primary, 
secondary, tertiary, and quaternary series, and (d) the aliphatic and the 
aromatic amines. 


EXPERIMENTAL METHOD 

Preparation of amines 

The primary, secondary, and tertiary amines were recrystallized as the 
hydrochlorides, usually from alcohol, by addition of ether. The quater¬ 
nary ammonium salts were recrystallized from water. 

Determination of contact angle 

The experimental procedure of the preceding papers was followed, but 
in the present work higher concentrations of the collector were generally 
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necessary to induce contact. Since limited amounts of the amines were 
available, the response of the minerals could not be tested in solutions of 
greater concentration than 1 g. per liter. In every test, the reaction of the 
mineral to the amine was observed over a period of at least half an hour, 
and the bubble was pressed against the mineral for approximately fifteen 
seconds to see whether true contact was established. 

The pH value of the solution was found to influence the adsorption of 
amines. Consequently, if a mineral failed to respond to the natural 
solution of the amine hydrochloride, its behavior was observed also in acid 
(pH = 1) and alkaline (pH = 12) solutions. Even with this procedure, 
adsorption of isoamylamine by sphalerite was not detected. Gaudin, 
Haynes, and Haas (1) have shown that flotation in this case occurs only 
within the pH range 9 to 11. It is possible, therefore, that in a few cases 
contact angles arc reported as ^^nil’' where tests at other pH values would 
have shown contact to be possible. 

RESULTS 

No matter what the concentration of an amine may be, a characteristic 
contact angle is never exceeded. Near the minimum effective or “thresh- 
old'^ concentration of amine, or near the critical pH value—at which 
contact ceases to be possible—^there is a range of solution compositions over 
which the maximum contact angle is not attained. However, over a wide 
range of concentrations and of pH values, the contact angle is constant 
within an experimental error of ±2^. The determined maximum contact 
angles are recorded in table 1. Over a wider range of pH values than other 
minerals, bornite and chalcocite do not give the usual maximum angles 
for the aliphatic amines. On the other hand, both these minerals adsorb 
sulfur-bearing collectors more readily than does chalcopyrite, and the 
incomplete response to amines may be due to fouling of the surface by 
cuprous chloride or iodide. Certainly both minerals float readily with 
hexylamine under solution conditions that lead to angles of contact of only 
40® to 50®, the amine itself serving as frother. With triethylamine, how¬ 
ever, for which the measured contact angles were still lower, only a very 
rapidly collapsing mineralized froth could be obtained, even in the presence 
of an added frother. 

When placed in amine-free distilled water, a chalcopyrite surface that 
has previously responded to hexylamine or to a quaternary ammonium 
salt retains for some time the ability to attract an air bubble. It is evident, 
therefore, that the amine changes the surface of the mineral. The change, 
attributed to adsorption of the amine, is most permanent for those amines 
that are most readily adsorbed. 

Methylamines. Trimethylamine hydrochloride and tetramethylammo- 
nium iodide were tested. Within the pH range considered, none of the 
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minerals with which the investigation was concerned would have responded 
to a 1 g. per liter solution of the primary or secondary methylamines. 

None of the minerals responds to a concentration of 1 g. per liter of 
trimethylamine hydrochloride at pH values of 7 or 12. To a solution of 
1 g. per liter at a pH value of 1.0, only chalcopyrite and bornite responded, 
and then but weakly; in normal hydrochloric acid, however, the response 

TABLE 1 

Maximum values of amtact angle for various minerals and amines 


MAXIMUM VALUE8 OP CONTACT ANULER FOR VARIOUS MINERALS 




1 

1 T3 





AMINE 

.•S 

halerite, ZnS 

[lalerite activate 
by CuS04 

c/5 

r* 

[X4 

3 

O 

i 

s 

M 

3 

O 

S 

1 

TS 

o5 

i 

•c 

2 

i 


O 

a 

rfj 

a 


JS 

o 

£ 

e8 

Trimethylamine hydrochloride 

61* 

Nil 

59* 

(49)* 

Nil 

Nil 

Nil 

Monoethyl amine hydrochloride 

58* 

Nil 

Nil 

(42)* 

Nil 

Nil 

Nil 

Diethylamine hydrochloride . 

01* 

Nil i 

Nil 

(44)* 

Nil 

Nil 

Nil 

Triethylamine hydrochloride.... 

01 

Nil 

63 

(52)* 

Slight 

Nil 

Nil 

Isoamylamine hydrochloride 

03 

Nil 

60 

(52) 

Slight* 

Nil 

Nil 

Isohexylamine hydrochloride .. 

03 

61 

56 

/(47) 

1 04t 

f(49) ' 

l62t 1 

63 

Nil 

Aniline hydrochloride. 

50 

Nil 

57 

59 

1 

Nil 

Nil 

a-Naphthylamine hydrochloride . . 

02 

(55)» 

62 

f Slight 
iSlightt 

59 

Nil 

Nil 

Piperidine hydrochloride . 

61 

Nil 

58* 

56 

Slight* 

Nil 

Nil 

Tribenzylaminc hydrochloride! 

1 61 

Nil 

62 

62 

(56) 

Nil 

60 

Tetramethylammonium iodide 

60 

Nil 

61 

61 

(50) 

Nil 

Nil 

Tetraethylammonium iodide . . 

61 

Nil 

61 

60 

61 

Nil 

(54)* 

Tetrapropylammonium iodide. 

61 

Nil 

60 

56 

(52) 

Nil 

(52) 

Tetrabutylammonium iodide 

02 

00 

59 

61 

61 

Nil 

62 

Tetraamylammonium iodide . . 

59 

60 

57 

60 

60 

Nil 

62 


* At pH « LO. 
t At pH « 12.0. 
t Maximum pH value 3.5. 


of chalcopyrite to the amine was complete. Sphalerite that had been 
previously activated^ responded in acid solution in a manner similar to 
chalcopyrite. 

‘ Sphalerite that has been immersed in a dilute copper sulfate solution becomes 
coated by a copper-bearing film, probably of cupric sulfide. When in this condition, 
it responds more readily to most collectors, and is regarded as being ^‘activated.** 
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The copper minerals respond to 1 g. per liter of tetramethylammonium 
iodide, but neither galena, sphalerite, nor pyrite responds within the pH 
range 1 to 12. Chalcopjrrite, however, responds to so low a concentration 
as 25 mg. per liter, and the response of bomite, chalcocite, and sphalerite 
activated by copper sulfate, to neutral 1 g. per liter solutions is rapid. 
The contact angle for chalcocite (see table 1) was influenced by the forma¬ 
tion of a heavy precipitate, presumably of cuprous iodide. In neutral 
solution, the angle of contact for bomite was 61°, but contact was slower 
and less complete (= 50°) at pH = 12. 

Ethylamirm. The mono-, di-, tri-, and tetra-substituted ammonium 
salts indicate a slight increase in the readiness with which adsorption 
occurs as the number of non-polar groups in the adsorbed molecule in¬ 
creases. Solutions of a constant concentration (1 g. per liter) were used 
for all four amines. The differences between them would have been slightly 
greater had equivalent concentrations been taken. 

Monoethylamine is a slightly less potent collector than trimethylamine. 
None of the minerals responds to 1 g. per liter of cthylaminc hydrochloride 
in neutral or alkaline solutions (pH = 12) and only chalcopyrite responds 
completely in an acid solution of pH value = 1. Bomite gives an angle of 
approximately 40° at pH = 1, the response being irregular over the surface. 

Diethylamine hydrochloride was adsorbed only by those minerals that 
adsorbed the primary amine. Again, none of the minerals responds to 1 
g. per liter in neutral solution or at pH = 12, and only chalcopyrite and 
bomite respond in acid solution. The response of bomite is again 
incomplete. 

With triethylamine the response of the minerals is slightly more general. 
Pyrite, sphalerite, and galena, however, fail to respond to 1 g. per liter of 
the hydrochloride over the whole pH range 1 to 12. Activated sphalerite 
does respond, particularly in acid solution. Chalcocite responds incom¬ 
pletely, the angle of contact being only 38° at pH = 1, and it does not re¬ 
spond in alkaline solution. Though bomite responds over the whole pH 
range, the contact angle is low, a maximum angle of 51° being obtained at 
pH = 1. Chalcopyrite responds rapidly to the neutral solution. 

The quaternary ammonium salt is more effective than triethylamine as a 
collector. The copper minerals and activated sphalerite respond rapidly 
to a 1 g. per liter solution of tetraethylammonium iodide in neutral solu¬ 
tion; indeed, much lower concentrations than 1 g. per liter may be used. 
Galena responds in a strongly acid solution (pH = 1), but the full contact 
angle is not attained. Neither pyrite nor sphalerite responds to a 1 g. per 
liter solution within the pH range 1 to 12. 

laoamylamine. Though more effective as a collector than monoethyl¬ 
amine, isoamylamine is no more effective than triethylamine. Galena and 
pyrite do not respond to a 1 g. per liter solution of isoamylamine hydro- 
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chloride at pH values 1, 6, and 12. However, sphalerite, which does not 
respond at pH values of 6 and 12, does respond at 10. The copper minerals 
and activated sphalerite respond to a 1 g. per liter solution at the natural pH 
value (3.8). Chalcopyrite responds to very low concentrations in acid 
solution (see figure 2). 




Fig. 1 Fig. 2 

Fig. 1. Relationship between the pH Value and the Concentration of 
a-NAPHTHYLAMINE HyDROCHLORIDE NecESSARY TO INDUCE CoNTACT BETWEEN 
AN Air Bubble and a Chalcopyrite Surface 
O, contact possible; X contact impossible. Contact possible only to left of 
curve. 

Fig. 2. Relationship between the pH Value and the Concentration of Amine 
Hydrochloride Necessary to Induce Contact between an Air Bubble 
AND A Surface of Chalcopyrite 



Fig. 3. Relationship between the pH Value and the Concentration op 
Isohexylamine Necessary to Induce Contact between an Air Bubble and 
Surfaces of Sphalerite and Pyrite 
Contact possible only above curves 


Isohexylamine, Isohexylamine is a still more effective collector than the 
corresponding amylamine. It is a good collector for sphalerite, the opti¬ 
mum pH value being about 10 (see figure 3). Even pyrite responds to 
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suflSciently concentrated solutions of the hydrochloride over a limited pH 
range. Galena alone fails to respond at the pH values tested. 

Aniline. As a collector, aniline resembles isoamylamine. Sphalerite, 
galena, and pyrite do not respond to a 1 g. per liter solution of aniline 
hydrochloride within the pH range tested, but the copper minerals and 
activated sphalerite do respond to a solution at the natural pH value of 3.5. 

a-Naphthylamine. a-Naphthylamine is a little more cifective than ani¬ 
line; sphalerite responds slowly and incompletely to 1 g. per liter of the 
hydrochloride in acid solutions. However, neither galena nor pyrite 
responds to it. Accordingly, sphalerite can be floated away from galena 
by a 1 g. per liter solution of the amine hydrochloride at a pH value of 3.5. 
The amine itself serves as a frother. 

Piperidine. Piperidine and a-naphthylamine are of approximately 
equal value as collectors, the former being slightly the more active. 

Tribenzylamine. The solubility of tribenzylamine hydrochloride in 
water is less than 200 mg. per liter; a saturated solution was therefore 
employed. Since alkalis precipitate the amine from this solution, no tests 
could be made in alkaline solution. Only the natural solution (pH = 3.5) 
and a solution of pH value = 1 were tested. This amine is the strongest 
collector of the aromatic derivatives tested. Even with this low concen¬ 
tration, only sphalerite and pyrite failed to respond to it in acid solutions. 

Tetrapropylammonium iodide. Of the minerals tested, only pyrite and 
sphalerite do not respond to 1 g. per liter of this reagent within the pH 
range 1 to 2. The response of chalcocite is masked by the formation of a 
precipitate of cuprous iodide, and though galena responds to a neutral 1 
g. per liter solution, its response is not fully developed. The copper 
minerals respond in the natural solution (pH = 6.6) to considerably less 
than this concentration of the amine; indeed, chalcopyrite responds fully 
to 25 mg. per liter. 

Tetrahutylammonium iodide. With the increase in the size of the non¬ 
polar portions of the amine, adsorption becomes still more general, and 
sphalerite responds to this collector without the need for activation. 
Pyrite, however, remains uninfluenced by 1 g. per liter of the reagent over 
the pH range 1 to 12. Concentrations as low as 25 mg. per liter are effec¬ 
tive for the copper minerals and activated sphalerite. 

Tetraamylammonium iodide. Of the minerals tested, pyrite alone does 
not respond to a 1 g. per liter solution of tetraamylammonium iodide 
within the pH range 1 to 12. The other minerals respond to considerably 
lower concentrations. 


INFLUENCE OF pH VALUE 

In general, the amines are more readily adsorbed from acid than from 
alkaline solutions. However, in two cases at least—^namely, for sphalerite 
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and pyrite with hcixylamine—adsorption ceases to be possible in acid solu¬ 
tions, and in fact takes place more readily from alkaline solutions. In these 
cases, there is an optimum pH value between 9 and 11 for contact between 
air and mineral; Gaudin, Haynes, and Haas (1) give an optimum pH value 
of about 10 for flotation of sphak^rite by isoamylamine. TIk^ copper 
minerals exhibit no such optimum pH value within the ranj^e tested (11.4 
to 13). With them there is, for each pH value, a concentration of collector 
above which contact is possible between mineral and air and below which 
contact is impossible. This concentration is depeiidcmt both on th(‘ 
mineral and on the amine. 

Curves have therefore been determined to show the influence of pH value 
on the threshold concentration of the amine for a number of minerals and 
amines. The method of determining the curves is best illustrated by 
figure 1, which shows for chalcocite the relationship between pH value and 
concentration of a-naphthylamine hydrochloride. The response of chalco¬ 
cite to a numb(‘r of solutions of differing concentration and pH value was 
determined. The compositions of solutions in which contact with an air 
bubble was possible appear on the diagram as circles; those of solutions in 
which contai^t was not possible appear as crossevs. Wiere the response 
over the surface was irregular, or where the contact angle fell short of 60®, 
the solution composition appears on the diagram as a crossed circle. A 
smoothed line is then drawn betw(*en the two sets of points; obviously it 
separates solutions in which contact is possible from those in wdiich contact 
is not possible. Fulhu* details of the method are given elsewhere (2), In 
general, the curves for amines cannot be determined with the same preci¬ 
sion as those for xanthate, the range of incomplete contact being bigger. 
In figure 2 are shown the curves for chalcopyrite with two different amines, 
and in figure 3, the curves for sphalerite and pyrite with isohexylamine. 

DISCUSSION OF RESULTS 

The maximum angles of contact cited in table 1 are approximately con¬ 
stant for all the amines tested; the mean value is 60® and the variation 
therefrom is usually within the experimental error. This angle is inde¬ 
pendent both of the nature of the mineral and of the concentration of the 
collector, provided that the latter exceeds a ^'threshold concentration” 
characteristic of the mineral, the amine, and the pH value of the solution. 
The threshold concentration is lowest for the copper minerals, and then 
follow, in order of their susceptibility to the quaternary ammonium salts, 
galena, sphalerite', and pyrite. Sphalerite preactivated by copper sulfate 
closely resembles chalcopyrite in its response to amines; this is in accord 
wdth its response to the sulfur-bearing collectors. 

Though galena responds more readily than sphalerite to the quaternary 
amines, sphalerite responds more readily to hexylamine. Using 50 mg. 
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per liter of hexylamine at a pH value of 10.5, sphalerite can be floated away 
from galena. The amine serves both as collector and frother. With 
collectors of the xanthate type, galena can be floated away from sphalerite; 
in this case a frother is necessary. It follows that the function of the 
collector in selective flotation is not merely to enhance differences in the 
inherent floatability of the minerals to be separated, as has been suggested 
by some writers, but actually to alter the surface of the desired mineral so 
that it can be floated. 

Of the amines tested, the quaternary ammonium salts are the most 
readily adsorbed. Further, the higher the homolog the lower is the con¬ 
centration necessary for the mineral to respond. For example, considering 
the ethylamines, the primary compound indu(!OS a marked r(»sponse only 
in one mineral, chalcopyrite, and then only in strongly acid solutions; the 
secondary compound is little if any more active; the tertiary compound is, 
however, very much more active, though it does not influence pyritc or 
galena, and only slowly influences sphalerite in acid solutions; while the 
quaternary compound induces a response from all the minerals except 
pyrite and sphalerite. Similarly, tetraamylammonium iodide is v('ry 
much more active than primary amylamine. 

Among the primary amines the higher members of tlu^ series are far more 
active than the methyl and ethyl compounds. Three of the four aromatic 
amines considered are of about the same order of activity as isoamylaniine, 
but tribenzylamine is more active. 

An analysis of the influence of acids and alkalis suggests that in general 
the amine may be adsorbed in the form of an ion, e.g. (N(Et) 4 )+, 
(N(Et)8H)+, (NEtaHa)^, (NP^tHa)^ etc. The greater the hydrogen-ion 
concentration the greater will be the percentage of the amine present in the 
ionic form (and the less in the form of the amine itself or of the hydroxide) 
and consequently a smaller addition of amine would produce the threshold 
concentration of the amine ion necessary for adsorption. 

The loss of floatability with decrease of pH value for sphalerite and 
pyrite in the presence of hexylamine cannot be explained in this manner. 
There, up to a certain point, an increase in alkalinity permits of a smaller 
addition of amine; thereafter (figure 3), the curves are of the normal form. 
No explanation is offered for the increase in concentration shown on the 
left of these two curves. Gaudin, Haynes, and Haas have shown (1) that 
the relationship between flotation and pH value may be very complex. 

The approximate constancy of the angle of contact for all the amines 
tei^ted indicates that the forces responsible for the adsorption of the amines 
differ from those responsible for the adsorption of the soluble collectors of 
the xanthate type. This is perhaps due to the fact that the non-polar 
groups are in the positive ion in amines and in the negative ion in xanthates. 
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If, as has been suggostod (3), ionic forces bind the xanthatc ion to tlu' sur¬ 
face, the forces of adsorption ytiud bo of a different nature in the two (‘ases. 

Using sphalerite and hexylainino, it has Iw'en possible, for th(‘ first time, 
to determine experimentally how closely contact angle t(\sts parallel actual 
flotation tests carried out in identical solutions. Concentrations of tliis 
amine that are sufficient to cause contact b(‘tween air and mineral i\ro also 
sufficient to produce frothing. Moreover, the amount of the amin(‘ 
abstracted by the mineral is low and the concentration of the amine in 
solution can therefore be calculated approximately from the amount added. 

By means of flotation tests carried out in test tubes (3) a curve can be 
constructed showing the relationship bed ween the pH value and the amount 
of amiiK' necessary to induce flotation. Such a curve approximately coi?i- 
cid(‘S with the corresponding contact curve of figure 3, but there is not 
absolut(‘ agr(*(‘ment between lh(‘m. In comparing flotation t(\sts with 
lh(‘ contact curve, it was found that, keeping the amine conctaitration 
constant at 1 g. per liter, flotation of sphalerite is impossible* at pH values 
Ix'low 5; t hat at a pH value of between 5.5 and (> an ephemeral rnineraliz(‘d 
froth forms; that when the pH value is increased to 8, flotation becomes 
stabk'; but that at a pH value of 13 only the very fine material floats. 

K(‘(‘ping th(' pH value constant and gradually increasing thi* conc(‘ntra- 
tion of tlu' amim; it was found that: (a) with the pH value at 9.5, no 
flotation occurs with 15 mg. per liter, only an ephemeral mineralizrxl froth 
foi'ins at 25 mg. p(*r liter, and a permanent mineralized froth forms at. 50 
mg. per liter; (b) with th(‘ pH value at 0.6, no flotation occurs at 100 mg. 
per liter or 200 mg. per liter, slight flotation occurred at 250 mg. per liter, 
and good flotation occured at 300 mg. per liter; (c) with the pH value at 
13, good flotation occurn'd at 2 g. per litcT. Except in the last-na'ntioned 
(*as(‘ th(*S(‘ results are in agreement with the contact curve. 

A similar comparison has l)een made for chalcopyrite and a-naphtliyl- 
ainine (compare figure 2). With a concentration of 500 mg. per liter in 
strongly acid solutions no froth is produced, but the mineral gives good 
film flotation. As alkali is added the solution acquires the capacity to 
form a froth, and between pH values of 6 and 9 a stable mineralized froth 
is produced. Beyond pH = 10, although the frothing power increases, 
flotation falls away, until at pH = 12 no permaru'iit mineraliz(*d froth can 
b(^ formed. At lower conctmtrations an additional frother is nec(‘s.sary, 
and the comparison loses significance. 

SUMMARY 

1. Table 1 shows that the maximum contact angle is independent of the 
particular amine chosen, being within a few d(‘grees of 00° for all amines. 

2. The amine indinavs a more or less permanent effect on the mineral 
surface, and it is concluded that adsorption of the amine is responsible for 
this. 
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3. Of tho minerals tested, the copper minerals respond most readily, and 
pyrite least r(»adily, to amines; activated sphalerite closely resembles 
chalcopyrit(' in its response. 

4. Using hexylamine, sphalerite can be floated away from galena. 

5. Of the amines tested, the quaternary ammonium salts are most 
readily adsorbed. 

0. The higher the homolog, the lower is tlu' concentration necessary for 
the mineral to respond, i.e,, the cthylamim\s are more effective than the 
methylamines, the propylamines than th(‘ ethylamines, etc. 

7. The primary amines are the least active, th(' secondary amines are 
more active, and the tertiary amines are still more activ(\ 

8. Three cyclic amines—^aniline, a-naphthylaminc', and pipcTidine an' 
of about the same order of activity as isoamylannne, but I ribenzyhimine is 
mu(‘h more active. 

9. Contact tests closc'ly paralh'l actual flotation b'sts carric'd out in 
identical solutions. 

10. Figure's 1, 2, and 3 show how the contact induced at (‘(‘rtain miinnal 
surface's by certain amiiK's is prevented by addition of alkali ()r a(*i(l. 

We wish to record our thanks to Prof(\ssor K. J. Hartimg for having 
made available a laboratory for this work, and to Messrs. H. H(*y and A. Ik 
Cox for help during its progress. The cost of the W7)rk was bonu' by tlic' 
University of Melbourne and the following Companic's: Brola'ii Hill 
South Ltd., North Broken Hill Ltd., Zinc Corporation Ltd., Electrolytic 
Zinc Company of Australasia Ltd., Mount Lyell Mining and Railway 
Company Ltd., and the Burma Corporation Ltd. 
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fn tho first paper (11) of tliis seriivs it was sliown that, from the staiid- 
point of the apparent molal volunu^ and compressibility, concentrated 
solutions of litliium cldoride and bromide differ significantly from solutions 
of other strong (‘1 ectrolytes. It was impossible, however, with the liiniled 
data at hand to determiiK' at what concentration these solutions b(H*oin(‘ 
abnormal or to study the nature of the irn'gularity. The object of this 
paper is to n^port iu‘w measureimaits of the density and compressibility 
coefficient of concentrat('d solutions of these salts and to present a more 
(complete* picture of the anomalous properties of these solutes. 

Th(^ results of seven n(‘w experiments are summarized in table 1. No 
d(‘tailed description of these experiments will be given here, because the 
f)rocedur(' followc'd throughout was the same as that described fully in a 
previous communication (10). It should be noted, however, that iu'an 
stock solutions of both lithium chloride and lithium bromide were prepared 
for these ('xperinu'iits, and that all other solutions investigated w(‘r(‘ pn*- 
parcal by dilution of weighed portions of these stock solutions. 

From these data have been calculated the apparent molal volume </>, th(‘ 
apparent molal compressibility (B + /); J^^d the volume concentration of 
th(' solut.(' in the sev(»ral solutions. Values of these calculated quantities 
a.r(' giv en in table 2, which may be regarded as a supplement to tabk' 2 
giv(‘n in paper 1. With the exception of some of the / values, the nndhod 
of calculating these' quantities is the same as that already described (11). 
Tlu' modification in the method for calculating / may be outlined briefly. 
It, will be H'called that by definition 

</) = F — 71 \V] 

and 

dr 
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where V = v'olum(> of solution containing 1 gram-mole of solute, 

Vi = volume of 1 gram-mole of pure water at the temperature of the 
solution, 

ni = number of moles of water present in the solution, and 
jS, jSi = compressibility coefficients of solution and water, respectively. 
<l>, however, is a function of two independent variables, pressure and 
concentration, 

<!> = F(P, c) 

and we can write for the total differential 



Dividing through by dP, we get 

4 . ^ 

dP~ \dPj,'^\dcJpdP 
The quantity/is the last term of this expression 

f = {^\ ^ 

^ ~ \dcJpdP 


whence 




The method of calculating/, given in paper I, wats for the special cjise when* 
0 is a linear function of at constant pressure (Masson’s rule). For tlu’ 
concentrated solutions of the lithium halides where this relationship is not 
valid, it has been necessary to proceed as follows. The numerical value 


of the slope* — was found graphically from a plot of <t> against c. 
dc 


Further, 


since 


it follows that 


c 1000/F 


dr -1000 dV 1000,, 

dP - -TT- d> - -r ^ 


The product c/3 affords a simple means of getting the numerical value of the 
second term necessary for the evaluation of /. It should perhaps be noted 
here again that the calculated values of S derived from our data refer to 
solutions under a pressure of 200 metric atmospheres, and that therefore 
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the/ values must bo calculated for the sann* condition. This requirement 
was met in the calculation of the / values given in tabl(‘ 2. 

The graphical method of computing/just described has also been applied 
to the calculation of the/ values omitted from table 1 of the first paper (11). 
For the sake of completeness these new values as well as some recalculated 


TABLE 1 
Table of results 


SOLl^TlON NO. 

W EIGHT PER (’ENT 
OF SALT 

DENSITY AT 35®C 

X 10* 

AVEHAt.E DEVIATION 


Lithium chloride solutions 


1 

41 U2() 

I 25597 

20 44 

0 01 

2 

37 003 

1 22536 

21 86 

<0 01 

3 

27 450 

1 15772 

25 62 

<0 01 

Lithium bromide solutions 

1 

45 183 

1 44911 

27 12 


2 

39 999 

1 37671 

28 63 

<0 01 

3 

34 706 

1 31036 

m 11 

<0 01 

4 

18 076 

1 13859 

35 28 



TABLE 2 


Values of the various solution factors at 


homttion 

NO 

<* 

.>00 

4> 

^200 

~ B X 10< 

/X 10* 



Lithium chloride solutions 



1 

12 152 

12 201 

20 97 

21 14 

8 82 

0 11 

2 

10 695 

10 734 

20 89 

21 08 

9 91 

0 11 

3 

7 496 

7 534 

20 68 

20 95 

12 94 

0 09 



Lithium bromide solutions 



1 

7 5385 

7 5793 

26 64 

26 82 

8 31 

-0 05 

2 

6 3400 

6 3762 

26 66 

26 85 

9 60 

-0 12 

3 

5 2359 

5 2675 

26 61 

26 83 

10.94 

0 16 

4 

2 3696 

2 3863 

26 02 

26 35 

16 57 

0 25 


onos iirc iucliulcd in ‘A. For purpose of identification only the B 
values Riven in t he table referred to an- rep»‘ated hen*. 

The relationships existing between the apparent properties and concen¬ 
tration in solutions of these lithium salts are portrayed in figures 1 and 2, 
which were constructed by plotting the values of ^oo (left-hand scale) and 
(5 -|- /) values (right-hand scale), against the corresponding C 2 oo values. 
The plotted values are those given in tables 2 and 3 of this paper and table 
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1 of paper I. (Quantities for solutions under a pressure of 200 metric 
atmospheres have been used as in paper I in order to have them under the 
same conditions with the least loss in the precision of the original measure- 


TABLE 3 

Values of f by graphical method 


Lithium chloride solutions 


B X W, .. 

8 83 j 

10 55 

13 90 

14 91 

17 34 

18 62 

22.69 

/ X 10^ .. 

oil 1 

0 11 

0 23 

0.24 

0 29 

0 33 

0 34 


Lithium bromide solutions 


B X 10‘ 

5 25 

6 38 

7 27 

8 22 

8 62 

10 74 

12 05 

14 13 

17 20 

17 58 

/ X 10* 

-0 15 

-0 27 

-0 32 

-0 05 

-0 07 

0 16 

0 16| 

0 16 

0 24 

0 21 



Fig. J. Apparent Molal Volumes and Apparent Molal Compressibilities of 
Lithium Chloride Plotted against Concentration 
Fig. 2. Apparent Molal Volumes and Apparent Molal Compressibilities of 
Lithium Bromide Plotted against Concentration 


ments. To show the molecular composition of the more concentrated 
solutions another scale is given at the top of each graph, which indicates 
the number of moles of water, per mole of solute in the solution, the 
concentration of which is given below on the abscissa scale. 
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On the basis of several recent studies (3, 6, 7) of the question it may be 
stated that the variation of with c in solutions of strong electrolytes is 
represented satisfactorily by the Masson equation: 

<^ = 4:cl + 

where k and are constants dependent on temperature and pressure. 
From the Masson relationship a similar expression can be deduced for the 
relationship between (S +f) and c: 

( 5 +/)= + 

These normal relationships have been shown (11) to be valid for dilute 
solutions of lithium halides and arc depicted in the graphs by the curves 
marked a. The numerical values of the constants of the above equations 
which wert' used in computing the a curves were estimated from the figures 
given by Geffcken (3) for solutions at atmospheric pressure and from the 
additive relationships found in paper I. The values of these constants are: 


SALT 



2 

X 

1 


LiCl . 

1.28 

17.75 

8 05 

-34 90 

LiBr. 

1 05 

24 71 

5 99 

-26 00 


An inspection of the graphs shows clearly that the simple square-root 
relationship (a curves) is not valid in concentrated solutions. Since our 
present interest is a detailed description of these irregularities, we shall 
examine the chloride and bromide graphs separately. 

The 0-c plot for solutions of lithium chloride gives evidence of three 
distinct relationships between ^ and c, depending on the concentration 
range: a (normal), 0, and y. The critical concentrations which mark the 
limits of these relationships, that is, the concentrations at which discon¬ 
tinuities in the 0-c plot occur, correspond, so far as can be ascertained, to 
solutions containing an integral number of moles of water per mole of 
solute. Thus reading from the graph we get: 

Intersection Valws 

of curves of 

oe~0 10 

0-y 6 

The critical n,» = 10 value is the same as that which Masson (6) showed 
to be the limit of validity of his relationship at 18°C. and atmospheric 
pressure. The second critical value has not been reported before. As 
might be anticipated, discontinuities in the (5 f)-c plot occur at the 
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same critical concentrations, but they are less marked than in the <hc plot. 
For the sake of comparison we have included in the graph another plot of 
(J5 + /) values derived from the recent measurements by Gibson (2). 
These values of (5 + /) are for solutions under a mean pressure of 500 
atmospheres and are therefore not directly comparable with our values. 
The fact that the difference between the two curves is sensibly uniform is to 
be expected. The absence in Gibson^s plot of clear evidence of breaks at 
the two critical concentrations is at first sight disturbing. This failure to 
conform to our results, however, is probably due to two facts: first, Gib¬ 
son's compressibility measurements are slightly less precise than ours, and 
second, the distribution of the plotted points would tend to obscure rather 
than enhance the appearance of the breaks in question. In concluding the 
description of this graph attention may be called to the fact that Scott 
and Blair (9) also found definite breaks in the variation of the magnetic 
susceptibility of lithium chloride solutions with concentration at concen¬ 
trations fiw = 10 and 6. 

The anomalies of lithium bromide solutions are more striking than those 
of the chloride solutions. In the <t>-c plot of these bromide solutions there 
appear to be three critical concentrations as follows: 


Intersection Values 

of curves of nw 

a-/S 18 

8 
5 


The first of these concentrations cannot be determined with the same 
certainty as the others, but the value 18 is unquestionably a minimum 
figure. 

Evidence bearing on the irregularities in these concentrated bromide 
solutions has been reported by other investigators. Hiittig and Keller (4) 
in 1925 published the results of an extensive series of density measurements 
on the basis of which they concluded that the relation of <l> to tiu, undergoes 
abrupt changes when = 6, 30, and 75. Discontinuities were believed 
to exist at practically the same concentrations in similar plots of the molar 
refractivity and absorption coefficients against log n„.. Prompted by the 
critical discussion of these conclusions, Hiittig and Kiikenthal (5), three 
years later, reported the results of new density and composition measure¬ 
ments at 20°C. which were not entirely in agreement with the earlier series. 
From the new data it was concluded that the only unambiguous discon¬ 
tinuity in the ^log riu, plot occurs when = 6. The and c values (at 
atmospheric pressure) calculated from the published data of these investi¬ 
gators are included also in figure 1, where they appear as the middle curve. 
In order to simplify the mechanical features of the graph it was necessary, 
in plotting the comparison data, to increase all the </> values by exactly 
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0.500 cc. There is an unmistakable resemblance between the two 0-c 
plots, a faet which we have attempted to bring out more clearly by drawing 
through the plotted points depicting the data of Hiittig and Kukenthal 
curves similar to those representing our own measurements. It appears 
that the plot representing the data of these investigators agrees in 
general with the plot of our data, but does not necessarily confirm our con¬ 
clusion regarding the exact location of the three discontinuities. 

Although no complete interpretation of these unusual irregularities in 
the concentrated solutions of lithium chloride and bromide is possible at 
this time, a number of general conclusions may be .suggested. The tradi¬ 
tional approach to a problem of this kind would be to assume that the 
irregularities in question arise from alterations in the degree of hydration 
of the lithium ion which is common to both salts. Thus, Hiittig and Keller, 
in order to account for the supposed irregularities in their solutions at 
concentrations n«, = 0,30, and 75, argued that these critical concentrations 
corresponded to the theoretical composition of one (n,„ = 6), two (nw = 30), 
and three (««, = 76) layers of water molecules packed around the lithium 
ion. From the standpoint of our results, this simple hydration hypothesis 
falls down, because the critical concentrations of the solutions of the chlo¬ 
ride and bromide are not the same. 

We would hardly expect an hydration hypothesis to be applicable to 
solutions of high concentration where a large fraction of the ions must be in 
contact with each other. It seems much more to the point to consider the 
question whether irregularities in the.se solutions can be ascribed simply to 
changes in the arrangement or packing of the ions (i.e., the domain of the 
solute). In attempting to formulate a tentative answer to this question 
we shall make use of an argument which was developed in paper I. It may 
be recalled that the quantities <l> and (B -f /) have only an apparent physi¬ 
cal significance, and that a change in magnitude of either of these quanti¬ 
ties is possibly the net result of variations in two factors, one related to the 
domain of the solute and the other related to the number of solvent mole¬ 
cules which, under the infl.Uence of ionic forces, have suffered a contraction 
in volume. In the case of ^ the possible magnitude of changes in either 
factor may be of the same order, and therefore it would be impossible from 
the nature of the changes in <f> to determine which factor is responsible for 
the change. On the other hand, in the case oi (E +f) the possible varia¬ 
tion in the compressibility of the solute is so small relative to the possible 
change in the second factor that the individual effects of the two factors 
can be partially distinguished. In brief, unless the variation in (5 -|- /) 
with concentration is extremely small, it can be assumed to involve a 
change in the number of molecules of water in the contracted state. 

If we examine the (5 + /)-c plots with this method of analysis in mind, 
we find no evidence of unusual variation in the amount of water in the 
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contracted state. This negative conclusion is important, because it rules 
out of consideration one explanation of the irregularities in the ^ plots 
and therefore means that cWges in the domain of the solute must occur 
in the concentrated solutions. As a matter of fact a more detailed applica¬ 
tion of this argument leads to the conclusion that the actual changes in the 
domain of the solute are much greater than the variation in 

No inferences can be drawn regarding the changes in packing of the ions 
and water molecules, which we assume to be the cause of the change in the 
domain of the solute. It is worth noting, however, that Bassett and his 
collaborators (1), in seeking to elucidate the structures of various lithium 
salt hydrates and complexes, have been obliged to postulate the existence 
of various types of polynuclear cations and even complex anions containing 
lithium. If such complexes exist in the solid state, they doubtless exist 
also in solution, and it may be suggested that a certain complex may be 
stable in solution only in a limited concentration range and that the char¬ 
acteristic properties of the several concentration regions depend on the 
complex or complexes present. The magnetic susceptibility measurements 
of lithium chloride mentioned above can be looked upon as supporting this 
viewpoint. The susceptibility of the salt was found to be constant in dilute 
solutions up to the concentration n» = 10, and to be constant also in very 
concentrated solutions, «» < 6, In other words, one structural arrange¬ 
ment or complex may be supposed to be stable in dilute solution, another 
in very concentrated solutions, and in the concentration range (/S) a transi¬ 
tion between these two types of arrangement may be supposed to take 
place. It is likely that a determination of the susceptibilities of the 
bromide solutions would throw some light on these more complex solu¬ 
tions and possibly on the problem as a whole. 

bummart 

New measurements of the densities and compressibility coeflBcients of 
concentrated solutions of lithium chloride and bromide are reported. On 
the basis of these and previous measurements, the irregular properties of 
the concentrated solutions of these electrolytes are discussed. 

A graphical method for calculating the factor 

is described. 
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COMMUNK^ATION TO THE EDITOR 

ON THE (C—(Odiam BOND ENERGY 

In a recent communication (Lasareff, W.: J. Phys. (’h(*m. 39, 913 (1935)) with 
the above title, there was suggested a value of 123 Cal. for the energy of the C—C 
bond. Since this value is so much larger than that currently accepted, and since 
this quantity is of great importance in thermochemistry, it seems worth while to 
examine some of thc‘ assumptions made in its derivation. Jt was assumed that the 
most probable value* for the heat of sublimation of carbon is 154 ±. 10 Cal. The 
recent work of W. Lozier(Phys. Rev. 46, 268 (1934))on the heat of dissociation of CO 
leads to two alternate values for this heat of sublimation, 136 dr 2 and 182 d: 2 Cal. 
Thus the magnitude of this quantity is still rather uncertain. Even if 154 Cal. is 
accepted, it does not necessarily follow that the energy of the C—C bond is 123 Cal. 
In the thermodynamic cycle that was used, it was assumed that the diamond disso¬ 
ciates to give atoms, which then drop to the state. There is, however, another 
possibility, that the quadrivalent carbon in diamond, presumably in the state, 
may dissociate adiabatically into atoms. This has been more completely dis¬ 
cussed in previous work (Kistiakowsky, G. B, and Gorshinowdtz, H.: J. C’hem. 
Physics, 1, 432 (1933); Gershinowitz, H.: Thesis, Harvard University, 1934). If 
this should bo the actual process, the energy of the C--C bond would be 77 ± 5 (/al., 
which is in much better agreement with the available data than is the larger figure. 
Even though the energy of a bond is not a constant which is entirely independent 
of the compound in which the bond occurs, an energy of 123 C'al. for the C—C bond 
in diamond seems to be quite incompatible with the energy of dissociation of cy¬ 
anogen into cyanide radicals (77 ± 4 C-al.) (see preceding reference), and with the 
energy of activation for the decomposition of ethane into methyl radicals (79.5 Cal.) 
(Rice, F. O., and Johnston: J, Am. (’hem. Soc. 66, 214 (1934)). Neither the theory 
nor the data from which the value of 123 Cal. has been derived is sufficiently certain 
to allow one to prefer it to other values. 

Harold Gershinowitz. 

Columbia University, 

New York, N. Y. 

September 7, 1935. 
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FLOTATION OF GALENA AND CHALCOCITE OF NEAR-COL¬ 
LOIDAL SIZE WITH POTASSIUM AMYL XANTHATE 
AND AMYL DIXANTHOGEN 

PLATO MALOZEMOFF 

The Ore Dressing Laboratories^ Montana School of MineSy ButtCy Montana 
Received October 26j 19$4 

In the beneficiation of ores by ore-dressing processes the treatment of 
the finest portion of an ore has always been a problem difficult, if not 
sometimes impossible, of solution. Flotation has proved no exception to 
this rule. In the ^^near^colloidal” size-range of mineral particles embracing 
the entire scale from 5 microns to the size of the truly colloidal particles 
recovery by flotation has been found to be very unsatisfactory (1,5). 

A study directed to improve the flotation behavior of these particles 
has been carried on at the Montana School of Mines since 1931. It re¬ 
sulted in the discovery of a successful experimental solution of the problem 
of flotation of near-colloidal pulps (6), By adding the collector into the 
pebble mill, so that it is present while the minerals are being ground, satis¬ 
factory flotation results can be obtained. This holds true for a number of 
collectors that comprise a group of the most common ones and of some of 
their less common derivatives (6). 

The present paper deals with the investigation of the effect of some ar¬ 
bitrary variables on the flotation behavior of two mineral mixtures (galena- 
aplite and chalcocite-aplite) when the collector is present during the 
grinding. 

The variables investigated are: (a) the effect of increasing amount of 
collector; (b) the effect of some alkaline pH-modifying agents; and (c) 
the effect of substituting a ^^neutral'' grinding atmosphere for ^ir atmos¬ 
phere. The study of the effect of the three variables was confined to two 
collectors; potassium n-amyl xanthate and its oxidation derivative, n- 
amyl dixanthogen (n-amyl thioformate disulfide). 

EXPERIMENTAL METHOD 

The grinding and flotation procedure employed was such that all con¬ 
ditions were kept as nearly constant as was experimentally possible. Ac¬ 
cordingly the minerals used, galena, chalcocite, and aplite (consisting 
chiefly of quartz and orthoclase, with a little plagioclase), were specially 
purified and sized to 20/100 mesh. In all the tests 70 g. of the sulfide 
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mineral and 280 g. of the gangue (aplite) were charged together with the 
collector into an assay-size Abb6 porcelain pebble raUl with 225 cc. of 
water and ground for twenty-one hours. This grinding reduced all the 
minerals to the size of 3 microns or finer. Flotation of the ground mixtures 
was conducted in a 500-g. Fahrenwald flotation machine. When neces¬ 
sary, terpineol^ was used as a frother in amount suflScient (0.05 to 0.20 
lb. per ton) to produce froth requisite for normal rate of flotation. Flota¬ 
tion products were analyzed for the metal of the sulfide mineral. 

In the tests in which the minerals were ground in a “neutral” atmos¬ 
phere, i.e., in virtual absence of oxygen, the mill atmosphere was succes¬ 
sively evacuated and refilled with nitrogen, grinding being done in an 
evacuated mill ajfter two flushings with nitrogen. Disregarding the 
oxygen adsorbed on solid surfaces and that dissolved by water, the oxygen 
remaining in the mill atmosphere was calculated to be approximately 
0.000045 mole. Flotation in these tests was conducted in air, as usual. 

Effectiveness of flotation was quantitatively evaluated by means of the 
selectivity index (3). Recovery of the sulfide mineral was calculated for 
each test. For graphic presentation of the experimental results the selec¬ 
tivity index was plotted as ordinate against the arbitrary variable as 
abscissa. 

The experimental method outlined above has been found useful in fields 
of research outside that for which it was originally designed. Thus, by 
means of this method it was possible to undertake an investigation from 
which a hypothesis for the non-flotation of minerals of near-colloidal size 
was formulated (7). Also, it was found possible to substantiate some con¬ 
clusions regarding the formation of reaction products of the reagent with 
the mineral base on a more direct study of their formation (4). 

EXPERIMENTAL RESULTS 

Effect of increasing amouni of collector 

A series of tests was conducted in which progressively greater amounts 
of the collectors were used while all other conditions were kept constant. 
The results for galena and chalcocite with potassium amyl xanthate and 
with amyl dixanthogen at a “natural” pH (i.e., that obtaining in the pulp 
after the completion of the flotation operation when no pH modifiers are 
used) are presented in tables 1 and 2, and graphically in figure 1. In 
figure 1 along the abscissa the quantity of potassium xanthate (pounds per 
ton) is plotted. In order to make the results obtained with dixanthogen 
strictly comparable to those obtained with potassium xanthate, the 

‘ Terpineol does not appear to affect the effectiveness of flotation but merely 
its rate. 
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amounts of dixanthogen used are plotted in terms of potassium xanthate 

S 

il 

containing xanthate radical (—SC’OCsHu) equivalent to that contained 
in dixanthogen. 

A very curious phenomenon was encountered in the case of the test in 
which dixanthogen equivalent to 32.0 lb. of potassium xanthate per ton 
was used for flotation of galena. After grinding, the pulp appeared pink- 

TABLE 1 


Effect of increasing amounts of potassium amyl xanthate and of amyl dixanthogen on 
flotation of galena-aplite mixtures 


POTASSIUM 

AMVL 

AMYL 

DIXANTHOOEN 
IN TERMS OF 
EQUIVALENT 
POTASSIUM 
XANTHATE 

GRADE, Pb, PER CENT 

SELECTIVITY 

RECOVERY 

XANTHATE 

Concentrate 

Tailing 

INDEX 

lb. per ton 

1.4 

lb. per ton 

24 6 

14 4 

1 4 

per cent 

17.9 

1 4 


31 0 

14 2 

1 8 

17.5 

2 0 


39 0 

5 9 

3 3 

71 7 

2 8 


50 2 

0 39 

17 5 

98 10 

2 8 


51 3 

0 35 

19 0 

98 41 

2 8 


44.7 

0 21 

21 

99.08 

4 0 


45 9 

0 20 

22 , 

99 12 

4 0 


45 4 

0 18 

23 

99 21 

5.7 


46 2 

0 30 

18 3 

98 68 

5 7 


44 4 

0 26 

18 7 

98 89 

8.0 


45 0 

0.30 

17 7 

98 61 

8 0 


46 2 

0 30 

1 18 2 

98.56 

11 4 


47 2 

0 17 

25 

99 21 

16 0 


56 0 

0 22 

27 

99 00 

32 0 


56.6 

0 16 

33 

99.23 


1.4 

18 0 

15 0 

1.1 

4 1 


2 8 

48 0 

0 40 

17 3 

98 14 


4 0 

56 0 

0.40 

20 

98.11 


6 7 

45 4 

0.48 

14 1 

97.76 


8 0 

44.8 

0 36 

16 1 

98 23 


16 0 

51 8 

0 36 

19 1 

98.32 


32 0 

79 3 

0.11 

98 

99 38 


ish white (color of ground aplite), indicating absence of galena within it 
(usually the presence of galena is indicated by the gray color of the pulp). 
The galena was finally discovered among the washed pebbles in the form of 
a hard, compressed, nearly perfect sphere. In addition, there were occa¬ 
sional fragments of compressed galena of irregular shapes adhering to the 
rubber gasket of the cover of the pebble mill. Upon charging of the white 
pulp into the flotation machine, instead of the usual froth a greasy and 
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TABLE 2 

Effect of increoBing amounts of potassium amyl xanthate and of amyl dixanthogen on 
flotation of ckalcociteHiplite mixtures 


POTAB8IUM 

AMTL 

AMYL 

DIXANTHOGEN 
IN TERMS OP 
EQUIVALENT 
POTASSIUM 
XANTHATE 

GRADE, CU, PER CENT 

SELECTIVITY 

RECOVERY 

XANTHATE 

Concentrate 

Tailing 

INDEX 

Ih, per ton 

0.4 

lb. per ion 

24.0 

12 5 

1 5 

per cent 

9 6 

1 0 


30.4 

13 2 

1.8 

16 8 

2 0 


41.2 

2 17 

6 4 

89 8 

4.0 


36 2 

1 13 

7 8 

94 6 

4.0 


44 3 

1.13 

9 6 

93 8 

8 0 


38 1 

3.46 

4 6 

1 81 8 

8.0 


31.3 

3.20 

4 0 

84 0 

16 0 


34 9 

1 73 

6 0 

! 90 2 

16.0 


41.3 

2 98 

5 4 

i 82 7 


0.55 

20.7 

13 1 

1 3 

5 9 


1 4 

40 5 

5.1 

4 0 

72 0 


2 8 

47 9 

1.25 

10 1 

93 3 


5.5 

39.8 

1.28 

8 0 

92.7 


11.0 

38 1 

3 14 

4 8 

82 6 


22.0 

41 6 

3 7 

4 9 

79 8 



Fia. 1. Effect of Inckeasinq Amounts of Potassium Amyl Xanthate and of 
Amyl Dixanthogen on Flotation of Galena-Aplite and of 
Chalcocitb-Aplitb Mixtures 

)K chalcocite with amyl dixanthogen (XX); 0 chalcocite with potassium amyl 
xanthate (KX); • galena with amyl dixanthogen (XX); O galena with potassium 
amyl xanthate (KX). 

shiny film formed, which was scraped off. The pulp remaining in the 
machine after this operation was termed tailing, and analyzed for lead. In 
table 1 the data for the concentrate for this test were calculated by differ- 
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ence from the amount of galena originally put in. The selectivity index 
obtained for this test is not entirely comparable to the other tests of the 
series because concentration was not effected in the flotation machine but 
in the pebble mill during grinding. The selectivity index is so high, 
chiefly because the concentrate contained very little gangue. 

In the case of both galena and chalcocite the results obtained with po¬ 
tassium xanthate and with dixanthogen agree within the limits of experi¬ 
mental error, so that only one curve for both the reagents could be drawn. 
If this is warranted and the action of both the reagents on the mineral can 
be assumed identical, one could postulate that the flotation-inducing non¬ 
polar coatings produced on the mineral by the reaction of the reagents 
with the mineral are the same for dixanthogen and potassium xanthate. 
This speculation is confirmed by the more direct study of the reaction of 
dixanthogen and of potassium xanthate with chalcocite and with galena (4). 

The peculiar shai)e of the curves for chalcocite in figure 1, that is, the 
dip of the curves with amounts greater than 4.0 lb. per ton, and the rise 
with amounts greater than 8.0 lb. i)er ton, may be explained on the basis 
of the reaction products formed. Froths from tests in which the amounts 
of reagents were used that corresponded to the maxima and the dips of the 
curveii 3 rielded upon extraction with benzene different reaction products. 
These products were identified with those obtained by F. Dewey (6, 5): 
at point A of the curve as cuprous xanthate (CujXs), and at point C as 
a compound of the type xCu 2 S •yCu 2 X 2 . From the knowledge of the reac¬ 
tion of xanthate and dixanthogen with chalcocite given elsewhere (4), 
the following explanation is proposed:* At point A the reaction product on 
the mineral surface is copper xanthate. As the amount of the reagent is 
decreased while the extent of chalcocite surface remains constant, defici¬ 
ency of xanthate radical for the formation of € 112 X 2 causes the formation 
of complex compounds containing less xanthate per molecule (of the type 
XCU 2 S • yCu 2 X 2 ). These compounds are more non-polar; hence they induce 
better flotation and the curve rises to C. With less than the amount of 
reagent at C there is insuflicient reagent to coat effectively the mineral 
surface exposed and flotation is incomplete, as is evidenced by the drop in 
the curve. 

The non-conformance of the dixanthogen and the xanthate curves in 
the region of high amounts of reagent might not be entirely due to experi¬ 
mental error. When high amounts of potassium xanthate are used the 
hydroxyl-ion concentration (OH- ion is derived from hydrolysis of xan- 
tl^te and from the reaction of xanthate with the oxidation coating of 
chalcocite, which is a basic carbonate) is possibly increased enough to cause 
the formation of copper monothiocarbonate (4), which is presumably more 


* After Franklin Dewey (2). 
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polar than the copper xanthate; hence the depression of the xanthate 
curve at point B below the dixanthogen curve. 

It may be conjectured that the dip and rise in the galena curves are also 
due to the formation of different reaction products. Positive evidence 
for this is not available to date. 

It is noteworthy that the rise and dip in the galena and in the chalcocite 
curves occur at approximately the same amounts of reagents. 

Effect of alkaline pH modifiers on flotation of galena 

Using galena-aplite mixtures, a series of tests was conducted in which 
some pH modifiers were added with the collector into the pebble mill. 
Flotation was carried on as usual. Table 3 summarizes the results of these 
tests. Unfortunately in most cases it was impossible to determine pH for 
the different amounts of modifiers used; the pulp was highly dispersed so 
that clear solution could not be obtained for colorimetric determina¬ 
tions of pH by any method of filtration or clarification available in the 
laboratory. 

It is clear from an examination of the results in table 3 that hydroxyl- 
ion concentration in the grinding S 3 ^tem is very injurious to subsequent 
flotation. The action of all of the pH modifiers seems to affect flotation 
adversely if enough modifier be used. Because with a larger amount of 
collector more modifier is needed to inhibit flotation of galena, it may be 
conjectured that the action of the modifier is to consume or change the 
collector or reaction products of the collector with galena so as to render 
them useless for flotation. 

That flotation of galena with amyl dixanthogen is also adversely affected 
by high pH is shown by the tests given in table 4. 

Effect of pH modifiers on flotation of chalcocite 

A series of tests was conducted in which chalcocite-aplite mixtures were 
floated using increasing amounts of potassium xanthate and of dixantho¬ 
gen with 20.0 lb. of lime per ton. The results are presented in table 6 and 
in figure 2. 

Whereas the use of pH modifiers was injurious to flotation of galena, in 
the case of chalcocite, lime, one such modifier, seems to be highly beneficial. 
Again, as in the case when no modifiers were used, within limits of experi¬ 
mental error the results obtained with both the potassium xanthate and 
with dixanthogen appear to indicate that the action of the two reagents is 
identical. Conformance of the two curves in the region of large amount of 
reagents is better than in figure 1 for chalcocite. This is possibly because 
the concentration of hydroxyl ion remains substantially the same for both 
reagents, as an excess of hydroxyl ion is present, derived from the lime 
added. 
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TABLE 3 


Effect of some pH modifiers on fioialion of galena-aplite mixtures with potassium 

amyl xanthaie 


POTASSIUM 

POTASSIUM 

CALCIUM* 

SODIUM 

CONCEN¬ 
TRATION 
OF TOTAL 
AVAILABLE 

OH 

GRADE, Pb, PER CENT 

SELEC- 


XANTHATE 

HYDltOXIDE 

HYDROXIDE 

CARBONATE 

Concen- 

trato 

Tailing 

TIVITY 

INDEX 

RECOVERY 

lb. per ton 

lb. per ton 

lb. per ion 

lb. per ton 

equiv. per 
liter 




per cent 

4 0 





45.4 

0 18 

23 

99 21 

4.0 

5 2t 



0 0058 

16 6 

14 9 

1 1 

18 6 

4 0 

10.6§ 



0 0115 

16 2 

14 5 

1 1 

18 1 

4 0 

26.21f 



0 0288 

14 8 

14 9 

1 0 

20.3 

4 0 


4 0 


0 0058 

27 6 

4 8 

2 8 

81 0 

4 0 


4.0 


0 0058 

36 2 

7 7 

2 7 

62 9 

4 0 


8.0 


0 0115 

14 4 

14 2 

1 0 

16.6 

4.0 


20.0 


0 0288 

25 2 

12 5 

1 6 

39 0 

4 0 


40.0 


0 0576 

27 0 

7 0 

2 3 

71 3 

4 0 



4 0 

0 0053t 

43 2 

0.68 

11.2 

96 37 

4 0 



8 0 

0 0106 

18 0 

14 5 

1 1 

17 5 

4.0 



20 0 

0 0265 

17 4 

14 4 

1 1 

13 2 

4 0 



40 0 

0 0530 

17 4 

14 9 

1 1 

13 9 

8 0 





46.2 

0 30 

18 2 

98.56 

8.0 


4 0 


0 0058 

48 2 

0 34 

17 8 

98 37 

8 0 


8 0 


0 0115 

45 2 

0 22 

21 

98 96 

8.0 


20 0 


0 0288 

48 4 

0 28 

19 8 

98 67 

8 0 


40 0 


0 0576 

45 0 

0 48 

14 0 

97.82 

16.0 





56 9 

0 22 

27 

99 00 

16 0 


8 0 


0 0115 

47.2 

0.18 

24 

99 20 

16.0 


20.0 


0 0288 

48.0 

0.28 

19.5 

98 67 


* Commercial slaked lime, 76 per cent pure, 
t Assuming complete hydrolysis of sodium carbonate. 
t Equivalent to 4.0 lb. Ca(OH )2 per ton. 

§ Equivalent to 8.0 lb. CafOHL per ton. 

If Equivalent to 20.0 lb. Ca(OH )2 per ton. 


TABLE 4 


Effect of high pH on flotation of galena with amyl dixanthogen 



DIXANTHOGEN EQUIVALENT TO 4.0 LB. 
POTASSIUM XANTHATE PER TON 


20.0 lb. calcium 
hydroxide per ton 

No pH modifier 

Per cent lead in concentrate. 

37 0 

56.0 

Per cent lead in tailing . 

5.8 

0.40 

Selectivity index. 

3.2 

20 

Recovery, per cent . 

75 2 

98.11 
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TABLE 5 


Effect of increasing amounts of potassium amyl zantkaie and of amyl dixanthogen on 
flotation of chalcocite--aplite mixtures with MOM lb, of lime per ton 


POTA88TUM 

AMYL 

AMYL 

DIXANTHOGEN 
IN TERMS OF 
EQUIVALENT 
POTASSIUM 
XANTHATE 

GRADE, Ctt, PER CENT 

SBLBCTIVITT 

RECOVERY 

XANTHATE 

Concentrate 

Tailing 

INDEX 

lb. per ton 

1.0 

lb. per ion 

11.7 

n 

0.9 

percent 

7.9 

1 6 


24.2 


1.5 

5.6 

2.0 


52.4 

0 66 

16.4 

95.6 

2 6 

i 

55.4 

0.43 

22 

97.5 

2.6 


55.7 

0 50 

20 

97.5 

4.0 


47 0 

0.31 

19.9 

97.2 

4 0 


41.8 

0.33 

16 8 

98.3 

8.0 


43 6 

0.31 

18.3 

98 5 

9.7 


43.2 

0 29 

18 6 

98.5 

32.0 


49.0 

0.16 

27 

98 8 


1.6 

15.3 

13.40 

1.1 

5 3 


2.6 

56 6 

0.47 

22 

97 6 


5.5 

46.0 

0.47 

15.6 

97 8 


5.5 

46.6 

0.52 

15.2 

97 8 


7 2 

47.0 

0.36 

18.4 

98.2 


11 0 

44 7 

0.31 

18.3 

98.5 



KK. AND XX IN TCRMS OF EQUI\<MENT KX. LB PER TON 


Fig. 2. Effect of Increasing Amounts op Potassium Amyl Xanthate and or 
Amyl Dixanthogen on Flotation op Chalcocitb-Aplite Mixtures 
with 20.0 LB. OP Limb per Ton (Compare with Figure 1) 

• Chalcocite with amyl dixanthogen (XX) and 20.0 lb. CaO per ton; O chalcocite 
with potassium amyl xanthate (KX) and 20.0 lb. CaO per ton. 

In order to investigate fully the effect of lime on flotation of chalcocite a 
series of tests was conducted in which both the amount of potassium xan¬ 
thate and the amount of lime were the arbitrary variables. These tests 
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are presented in table 6. The results are presented graphically in figure 3, 
in which the selectivity index is plotted as the coordinate perpendicular 
to the plane of the paper, and contour lines are drawn connecting projec¬ 
tions in the plane of the paper of points of equal selectivity index. 

The effect of potassium hydroxide and of lime on flotation of chalcocite 
with constant amount of amyl dixanthogen is shown by table 7 and by 
figure 4. Excessively high amounts of potassium hydroxide were neccs- 

TABLE 6 


Efect of varying amounts of potassium amyl xatithate and of lime on flotation of 
chalcocite-aplite mixtures 


POTAHMIUM 

AMYL 

CALCIUM OXIDE 

GRADE, Cu, PER CENT 

belectivity 

RECOVERY 

XANTEATE 

Concentrate 

Tailing 

INDEX 

lb . per ton 

1.8 

lb . per ton 

4.3 

47.6 

0 85 

12.2 

per cent 

95 5 

2.0 

8.0 

48.6 

0.70 

13.8 

96.3 

4.0 

8.0 j 

51.6 

1.76 

9 5 

01.0 

8 0 

8.0 

51.7 

1.09 

12 1 

94.7 

16.0 

8.0 

49.5 

0 52 

16.5 

97.4 

1.4 

10.3 

25 9 

13.4 

4 9 

11.6 

2 0 

12.0 

56 2 

0.43 

22 

96.8 

4.0 

12.0 

51 6 

0.45 

18.8 

97.7 

16 0 

12.0 

46 3 

0.34 

18.6 

97.1 

1.3 

13 1 

16 3 

14.0 

1.1 

1.7 

32 0 

14.3 

47 8 

0 24 

23 

99.5 

7 2 

15.4 

51.9 

0.38 

21 

98.2 

1.7 

16 0 

32 4 

12.4 

6.2 

16 8 

2.3 

16.0 

48.5 

0.49 

i 18.9 

98.0 

16.0 

17.1 

48 6 

0.32 

20 

98 4 

5.7 

18 3 

47.0 

0 34 

19.0 

98.6 

2 9 

18.9 

48 5 

0 39 

18.5 

98 0 

5 7 

22.9 

39.8 

0 44 

13.7 

97 8 

5 7 

j 28 6 

45 2 

0 19 

24 

99.1 

11.4 

28 6 

51 6 

0 29 

24 

98 6 


sary to induce the requisite pH. This is possibly because the hydroxide 
was consumed by reaction with the gangue. 

Effect of “neviral” grinding atmosphere 

A series of tests was conducted in which the minerals were ground in a 
pebble mill whose atmosphere was practically devoid of oxygen. Oxygen 
was removed by the procedure given earlier in the paper. In the series 
of tests using c^cocite, 20.0 lb. of lime per ton was added together with 
the collector, whereas in galena tests no modifying agents were used. The 
results are presented in tables 8 and 9 and in figure 5. 
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POTASSIUM AMYL XANTHATE, LB. PER TON 

Fig. 3. Effect of Varying Amounts of Potassium Amyl Xanthatb and of Lime 
ON Flotation of Chalcocitb-Aplitb Mixtures 


TABLE 7 


Effect of pH resulting from increasing amounts of potassium hydroxide and of lime on 
flotation of chodcocite-aplite mixtures with amyl dixanthogen equivalent 
to 64 Ih, of potassium amyl xanthate per ton 


POTA88IU1I 

CALCIUM 

pH 

ORADB, CU, PBB CBNT 

BBLBCTIVITT 

BBOOTBBT 

BTDBOXIDB 

OXIDB 

Conopntrate 

Tailing 

INDBX 

1b. per tan 

23.0* 

16 . per tan 

10.2 

39.6 

0.62 

n 

percent 

96.9 

67.0 


11.7 

39.8 

0.46 

msm 

97.6 

114.0 


12.4 

38.9 

0.59 

11.3 

96.8 


4.0 

8 6 

40.2 

0.67 

11.2 

96.4 


11.4 

10.2 

39.1 

0.27 

17.1 

98.7 


20.0 

11.2 

46.0 

0.47 

15.6 

97.8 


40.0 

12.0 

41.9 

0.36 

16.0 

98.3 


* Amount yielding OH““ ions equivalent to OH ions 3 rielded by half as many 
pounds of CaO per ton. 


Again, as in figures 1 and 2 and in tables 1,2, and 5 the two reagents, 
dixanthogen and potassium xanthate, seem to yield results for which only 
one curve need he drawn for a given mineral. Also, the shapes of the 
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pH-^ 

Fig. 4. Effect of pH RESxjLTiNa from Increasing Amounts of Potassium Hy¬ 
droxide AND of Lime on Flotation op Chalcocitb-Aplite Mixtures 
WITH Amyl Dixanthogen Equivalent to 5.4 lb. Potassium Amyl 
Xanthatb per Ton 


TABLE 8 

Effect of increasing amounts of potassium amyl xanthate and of amyl dixanthogen on 
flotation of chalcocite-aplite mixtures ground in absence of air 


POTASSIUM 

AMYL 

XANTHATB 

AMYL 

DIXANTBOOBN 
IN TERMS OF 
EQUIVALENT 
POTASSIUM 
XANTHATE 

grade, Cu 

, PER CENT 

SELECTIVITY 

INDEX 

RECOVERY 

Concentrate 

Tailing 

lb . per ton 

lb . per ton 




per cent 

0.46 


No flotation 

1 0 

0 

0.73 


36 6 

1 06 

.8.1 

95.1 

1.14 


45.9 

0 61 

13.8 

98 4 

1.6 


53 6 

0.19 

27 

99 0 

2.9 


46 6 

0.15 

29 

99.3 

2.9 


48 1 

0.14 

30 

99.4 

2.9 


48.3 

0.12 

32 

99.5 

5 5 


48.3 

0.13 

32 

99.3 

11.4 


50.1 

0.069 

46 

99.7 


0.46 

No flotation 

1.0 

0 


0.9 

43.5 

0.29 

18.7 

98.6 


1.6 

44.9 

0.18 

25 

99.1 


2.9 

48.5 

0.122 

33 

99.5 


6.5 

49.8 

0.11 

26 

99.4 


11.4 

48.9 

0.077 

42 

99.6 
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TABLE 9 


Effect of increasing amounts of potassium amyl xanthate and of amyl dixanthogenon 
flotation of galena-aplite mixtures ground in absence of air 


pOTAasinii 

AMYL 

XANTHATU 

AMYL 

PZXANTBOaEN 
IN TBRMB OF 

equivalent 

POTABBIITM 

XANTHATE 

GRADE, Pb, PER CENT 

SELECTIVITY 

INDEX 

RECOVERY 

Concentrato 

Tailing 

Ih . per ton 

lb . per ton 




per cent 

0.57 


No flotation 

1.0 

0 

1.0 


No flotation 

1 0 

0 

2 0 

1 

58 9 

0.30 

25 

98.54 

4.0 


63.6 

0 21 

26 

99.06 

8.0 


65 8 

0.18 

30 

99.20 

16.0 


64.9 

0.18 

29 

99.17 

32.0 


58.1 

0.19 

33 

99.24 


1 0 

42.4 

3.6 

4.7 

85 3 


1.4 

54 6 

0.80 

13 3 

96.31 


2.8 

52 0 

0.30 

21 

98.65 


5 7 

54 6 

0.166 

30 

99 27 


8 0 

64 2 

0.124 

35 

99 45 


32 0 

63.9 

0 103 

49 

99 47 



U, AND XX IN TERMS OF EQUW^LENT KX, LB PER TON 


Fig. 5. Effect of Increasing Amounts of Potassium Amyl Xanthate and of 
Amyl Dixanthogen on Flotation of Chalcocite-^Aplite and of Galena- 
Aphte Mixtures Ground in Absence of Air (Compare with 
Figures 1 and 2) 

• chalcocite with amyl dixanthogen (XX) and 20 lb. CaO per ton; O chalcocite 
with potassium amyl xanthate (KX) and ^ lb. CaO per ton; )i( galena with amyl 
dixanthogen (XX); 0 galena with potassium amyl xanthate (KX). 

curves for galena and for chalcocite are similar, as they were in figure 1. 
However there is no dip in the curves as there was in those of figure L 
If one compares the chalcocite curves of figure 2 with those of figure 5, 
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it can be noted that to induce flotation when chalcocite is ground in the 
absence of air the amount of reagent necessary is approximately half that 
required to induce flotation when it is ground in presence of air. 

Apparently no such simple relation exists in the case of galena, although 
markedly less reagent is required to induce flotation when galena is ground 
in “neutrar^ atmosphere than that required when it is ground in air. 

It is to be noted that, likewise, to induce flotation of chalcocite the 
amount of reagent required is approximately one half that necessary in the 
case of galena. 

All these facts may have a significance in the interpretation of floatabil- 
ity in the light of reaction products. But such an interpretation cannot be 
given at present, because our knowledge of the reactions has not as yet 
been put on a strictly quantitative basis. 

The results obtained when the minerals are ground in neutral atmosphere 
are superior to any hitherto obtained in this research. This seems to indi¬ 
cate that oxygen has some undetermined injurious action when it is pres¬ 
ent, as it always is in practice, in the grinding atmosphere. 

CONCLUSIONS 

1. The action of potassium amyl xanthate and of amyl dixanthogen on 
galena and on chalcocite of near-colloidal size appears to be identical when 
the mineral is ground in air. 

2. Concentration of hydroxyl ion influences profoundly the flotation of 
sulfides, and its influence is specific to each of the sulfides. 

3. High pH is conducive to better flotation of chalcocite of near-colloidal 
size with amyl dixanthogen and with potassium amyl xanthate, whereas 
it is destructive to flotation of galena with the same reagents. 

4. It is proposed that the hydroxyl radical influences the formation of 
reaction products whose formation in turn affects flotation of the sulfide 
mineral. 

5. Under the experimental conditions employed, oxygen in grinding has 
a noticeable injurious effect on the flotation of chalcocite and of galena 
with potassium amyl xanthate and with amyl dixanthogen, as evidenced 
by the results obtained when the minerals are ground in virtual absence of 
oxygen; they are superior to any hitherto obtained in this research. 

6. The action of potassium amyl xanthate and of amyl dixanthogen on 
galena and on chalcocite appears to be identical when the mineral is ground 
in a ''neutrar^ atmosphere, i.e., in virtual absence of air. 
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INTRODUCTION 

The reaction between permanganate and manganous ions (the Guyard 
reaction (1); manganese dioxide is formed) is slow in acid solutions, even at 
high temperatures. This is a familiar fact, since the recognition of the 
end point in the permanganate-oxalate titration depends on it. The 
present paper contains a brief description of the writer^s recent observa¬ 
tions showing that the reaction has an incubation period and that it is 
autocatalytic. For the sake of continuity, the main observations and 
general conclusions will be given first, followTd by the experimental details. 
In order to facilitate cross reference, corresponding sections and the figures 
illustrating them will be given the same numbers (sections A~I to A~VIII, 
sections B~I to B-VII, and figures 1 to 7). In the present discussion a 
solution containing manganous and permanganate ions will be referred to 
as a Guyard solution. The heterogeneous mixture resulting from such a 
solution will be called a Guyard mixture. 

A-L This investigation is a side product of an unpublished study of the 
permanganate-thiosulfate reaction, undertaken by the writer. It is 
known that each mole of thiosulfate ion reduces one equivalent of a mild 
oxidizing agent, such as iodine. It reduces a larger number of equivalents 
when reacting with manganese dioxide. Finally, thiosulfate ion reduces a 
still larger number of equivalents when it reacts with permanganate ion. 

It was to be expected, therefore, that, if a small amount of thiosulfate ion 
is added to an acid Guyard mixture, the quantitative results should depend 
on the age of the latter at the time of mixing, in other words, on the amount 
of manganese dioxide formed at the expense of the permanganate. This 
prediction was tested and verified in a series of experiments. The curve 
obtained in this series of experiments gave the first indication that the 
reaction between permanganate and manganous ions is autocatalytic in 
acid solution. This was supported by visual observations on the Guyard 

^ This inyestigation is a part of a project carried out on a grant from the National 
Research Council, to which the writer takes pleasure in expressing his obligation. 

* Present address: San Francisco City Junior College, San Francisco, California. 
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solution; the latter remained clear and purple for a measurable time (incu¬ 
bation period), after which the reaction proceeded at a rapidly increasing 
rate. 

A-IL In order to study the effect of acid on the Guyard reaction, visual 
observations were made on mixtures containing the same amounts of 
potassium permanganate and manganous sulfate, but varying amounts of 
perchloric or sulfuric acid. It was found that both the incubation period 
and the total reaction time were proportional to the concentration of the 
perchloric acid. When sulfuric acid was used, the results were complicated 
by the tendency of sulfate ion to shunt the reduction of permanganate by 
manganous ion into another reaction path. This tendency was linked with 
the formation of manganic sulfate complex ion. 

A-III. Visual observations were next carried out on mixtures containing 
constant amounts of potassium permanganate, manganous sulfate, and 
sulfuric acid, and varying amounts of potassium fluoride. It was found 
that fluoride ion also modifies the process of reduction of permanganate ion. 
The effect of fluoride ion was stronger than that of sulfate ion, and this was 
linked with the greater tendency to form the manganic fluoride complex. 

A-IV. The observations described in sections A-II and A-III were 
visual and therefore subjective, to a certain extent. After several attempts 
to develop an objective method of following the Guyard reaction, the 
writer decided to use oxalic acid for this purpose. (The use of thio¬ 
sulfate ion was avoided because the stoichiometry of the several reactions 
is not sufficiently well understood.) The oxalic acid method depends on 
the fact that under certain conditions the acid is oxidized by manganese 
dioxide but not by permanganate ion. In the presence of a small excess of 
manganous ion both react rapidly with the acid, forming manganic oxalate 
complex. In this fast reaction one half of the manganese dioxide is reduced 
by the acid, whereas very little of the permanganate ion is reduced by the 
oxalic acid; it is practically entirely reduced by the manganous ion: 

MnO; + 4Mn++ + lOHjCA = 5 Mn(C 204 )I -f 4H20 + 12H+ (1) 
2Mn02 + SHjCjO* = 2Mn(C204)2 2 CO 2 -|- 4 H 2 O + 2H+ (2) 

It follows that, if excess oxalic acid is added to a Guyard mixture, the 
loss of oxidizing titer will give a measure of the amount of manganese 
dioxide formed at the expense of the permanganate ion. It will be shown 
in the experimental part of this paper that the oxalic acid method is appli¬ 
cable only when the concentration of the manganous ion is low. If the 
concentration of manganous ion is high, the manganese dioxide will dissolve 
in oxalic acid without reduction. 

A-Y. With the use of oxalic acid it was shown once more that the Guy¬ 
ard reaction in acid solution is autocatalytic. It was also shown that the 
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rate of reaction in a Guyard mixture was increased by a decrease in acidity 
or by an increase in the concentration of either the manganous or the 
permanganate ion. 

A-VI, In an attempt to find the cause of the autocatalysis, the assump¬ 
tion was tested that the manganese dioxide formed in the reaction was the 
responsible agent. In several series of experiments manganese dioxide 
was added to the initial solution. It was found that this procedure elim¬ 
inated the incubation period and accelerated the reaction. It was further 
found that the effectiveness of the manganese dioxide as a catalyst 
depended on the mode of its preparation; the solid prepared in neutral 
solution was much more effective than that prepared in acid solution. 
From visual observations it was clear that the ^^neutral” solid was much 
more highly dispersed than the '^acid^^ solid. 

A-YII, It was realized that the difference between the catalytic activi¬ 
ties of manganese dioxide prepared in neutral and in acid solution might 
have been due in part to a difference in chemical composition. The two 
solids were analyzed iodomctrically and were both found to contain tetrava- 
lent manganese only. If there was any difference at all in the composition 
of the ^^neutral” and *^acid’' manganese dioxide, it could have been only 
in the degree of hydration of the oxide. 

EXPERIMENTAL 

S-/. The reaction of thiosulfate ion with excess add mixture of permanga¬ 
nate and manganous ions. In this series of experiments the following 
procedure was used: 150 cc. of a solution was prepared containing 0.00333 
M potassium permanganate, 0.00867 M manganous sulfate, and 0.0666 M 
sulfuric acid. At the time t after mixing, 10 cc. of 0.01 M sodium thio¬ 
sulfate was added. The thiosulfate was oxidized rapidly in all cases. 
Thirty seconds later aqueous potassium iodide was added (the time of 
addition of potassium iodide is immaterial). The iodine formed was 
titrated with standardized sodium thiosulfate solutions. The ratio 

number of equivalents of oxidizing agent reduced 
number of moles of thiosulfate added 

was calculated from the observed loss of oxidizing titer. 

The experimental results are shown in figure 1. Briefly, they can be 
summarized as follows: Freshly prepared solutions, containing only per¬ 
manganate and manganous ions, lose four equivalents of oxidizing agent 
per mole of thiosulfate added. Old solutions, containing only manganese 
dioxide and manganous ion, lose only two equivalents of oxidizing agent. 
Intermediate results are obtained with intermediate solutions. The shape 
of the curve gives a clear indication of the autocatalytic nature of the 
Guyard reaction. This is verified by the visual observations given in 
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figure 1. In this particular Guyard solution the color remained unchanged 
about twenty seconds. 

If the manganous sulfate is omitted (experiment 2062, figure 1), thio¬ 
sulfate ion reduces six equivalents of oxidizing agent. The deviation of 
experiment 2062 from the main series is significant: although the manga¬ 
nous ion reacts slowly with permanganate ion, it exerts a strongly modifying 
influence on the rapid permanganate-thiosulfate reaction. 

B-II. Visual observations on the effects of acid and of sulfate ion on the 
rate of the Guyard reaction. The effect of perchloric acid is shown in figure 
2 (lines 2090). In each experiment of this series the initial solutions con¬ 
tained the same amount of permanganate and manganous ions but a vari¬ 
able amount of perchloric acid. The points on lines 2090 show the dura- 



' TIM* (MlNWTEi)-^. 

Fio. 1. Fibst Evidbncx of the Autocatalttic Natubs of the Gutabd Reaction 

The oxidation of sodium thiosulfate by a large excess of a mixture containing 
0.00333 M potassium permanganate, 0.00867 M manganous sulfate, and 0.0667 M 
sulfuric acid, as a function of the age of the mixture. The figure also shows the 
appearance of the Guyard mixture, as a function of time. 

tion of the incubation period and the total reaction time for the respective 
experiments. It will be seen that the rates were inversely proportional to 
the concentration of the acid. 

The effect of sulfuric acid is less simple. The color change and the 
complete disappearance of permanganate ion take place earlier than in an 
equal concentration of perchloric acid. Sulfate ion tends to form a red 
complex with manganic ion. It will be shown in the theoretical part of 
this paper why this tendency exerts a strong influence on the course of the 
Guyard reaction. At this time it will suffice to state that the complex 
contains more than one sulfate radical, and for this reason the sulfate 
effect predominates over the acid effect at the higher concentrations of 
sulfuric acid. As a result, curve 2083 is bent toward the horizontal axis. 
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B-IIL The effect of fluoride ion on the Guyard reaction. In series 2086 
(figure 3) the concentration of potassium fluoride was the only variable. 
Fluoride ion forms a much more stable manganic complex than sulfate ion 
does. On the other hand, the color of manganic fluoride complex is not so 
pronounced that a small amount of it could be detected in the presence of a 




Fig. 2 Fig. 3 

Fig. 2. Time-Color Observations on Solutions Containing 0.00333 M Potassium 
Permanganate, 0.00835 M Manganous Sulfate, and Varying Concentra¬ 
tions or Perchloric or Sulfuric Acid 
The incubation period, preceding the change of color toward red, is shown in 
figures 2A and 2B. The total reaction time is shown in figure 2C. The precipitate 
appears soon after the color begins to change. 

Fig. 3. The Incubation Period, the Time of Appearance of the Precipitate, 
AND THE Total Reaction Time in Solutions Containing 0.00333 M Potassium 
Permanganate, 0.00835 M Manganous Sulfate, 0.133 N Sulfuric Acid, and 
Varying Amounts of Potassium Fluoride 

In the ascending branch of curve 2085 the accelerating effect of the fluoride ion 
is masked by the retardation of the precipitation of manganese dioxide. 

large amount of permanganate. Since fluoride ion also retards the precipi¬ 
tation of manganese dioxide, the net result is that small amounts of fluoride 
appear to increase the incubation period (the time at the end of which the 
solution begins to differ in appearance from a standard permanganate 
solution). When large amounts of fluoride are used, the consumption of 
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permanganate manifests itself in a weakening of the purple color. Under 
such conditions it becomes obvious that fluoride ion speedily converts 
permanganate and manganous ion into manganic fluoride complex (descend¬ 
ing part of curve 2085). The precipitation of manganese dioxide is 
progressively retarded by increasing amounts of fluoride ion (figure 3B). 

It will be recalled that fluoride ion combines with hydrogen ion, forming a 
weak acid. This is a factor which should be taken into consideration 
when interpreting curve 2085. A vertical arrow indicates the concentra- 



Fio. 4. The Infloknce op Manganous Ion on the Manganese Dioxide-Oxalic 

Acid Reaction 


X/Xo is the ratio of the number of equivalents of manganic ion formed to the 
number of equivalents of manganese dioxide used. In the absence of manganous 
ion the reaction can follow only one path. In the presence of manganous ion the 
reaction can follow two paths. When the ratio (Mn''^)/(HjCj 04 ) is large, the 
second path predominates. The extreme limits of the curve fall below the thco* 
retical values 0.50 and 1.00 because of induced oxidation of oxalic acid. 

Fig. 6. The Effect of Pebchlobic Acid, Potassium Pebhanganate, and Man¬ 
ganous Sulfate on the Coubse of the Guyabd Reaction 
X/Xo gives a measure of the amount of manganese dioxide formed. The lower 
left insert shows the initial portions of the four curves, with a larger vertical scale. 
The upper right insert gives the initial concentrations in the four solutions. The 
last column gives the value, toward the end of each run, of the ratio which deter¬ 
mines the final titer value of the solution (cf. figure 4). 

tion of fluoride which is equivalent to the acid present. It is obvious that 
a rapid color change takes place even in solutions in which not all the 
hydrogen ion was used up by the fluoride. 

B-IY. The reaction of manganese dioxide with oxalic acid. A semi- 
quantitative method of analyzing a changi'ng Ouyard mixture. Curves 4053 
and 4055, figure 4, show the results of two series of experiments in each 
of which known quantities of freshly precipitated manganese dioxide were 
treated with solutions containing the same amount of oxalic acid and 
varying amounts of manganous sulfate. The oxalic acid was immediately 







REACTION BETWEEN PERMANGANATE AND MANGANOUS IONS 1063 


followed with potassium iodide. It is obvious from figur (3 4 that at low 
concentrations of manganous ion the manganese dioxide dissolves by 
oxidizing the oxalic acid. At high concentrations of manganous sulfate 
the manganese dioxide dissolves without an appreciable loss of oxidizing 
titer, by oxidizing the manganous ion. It follows that oxalic acid can be 
used to differentiate between manganese dioxide and permanganate ion 
only in those solutions in which the concentration of manganous ion is not 
too large (see section A-IV). 

B~y. The effects of acid, of permanganate ion, and of manganous ion on 
the course of the Guyard reaction. The course of the Guyard reaction, as 
revealed by the oxalic acid method, is shown in curve 4024, figure 5. The 
initial composition of the solution is given in the figure. At the desired 
time the reaction was stopped by adding excess oxalic acid. This was 
followed at once with potassium iodide. The loss of oxidizing titer gave a 
measure of the amount of manganese dioxide formed. Each point on the 
curve represents one such experiment. The other three curves in figure 5 
show the effects of acid, of permanganate ion, and of manganous ion. A 
decrease in the acid concentration or an increase in the concentration of 
either one of the two reacting ions increases the rate of the Guyard reaction. 

In a separate series of experiments it was found that direct sunlight has 
only a small effect, if any, on the rate of the reaction. 

B-VI. Manganese dioxide catalyzes the Guyard reaction in acid solution. 
Curve 4042, figure 6, shows the usual course of the Guyard reaction in a 
solution whose composition is the same as in series 4030, figure 5. In 
series 4043, 10 per cent of the permanganate had been converted into 
manganese dioxide before the acid and the remainder of the manganous ion 
were added. In calculating the loss of oxidizing titer, allowance w^as made 
for the fact that manganese dioxide was present to start with. The cata¬ 
lytic effect is pronounced. 

The manganese dioxide used as initial catalyst in series 4043 w^as pre¬ 
pared in neutral solution. As shown in figure 6, the effectiveness of the 
catalyst did not change on *‘aging^' it either in neutral or in acid solution. 
Curves 4046 and 4050 show that the activity of manganese dioxide pre¬ 
pared in acid solution is smaller. Visual observations on the color and the 
rate of settling of the precipitate gave convincing evidence that the “neu¬ 
tral' solid was more highly dispersed than the “acid” one. Once the solid 
had formed, its degree of dispersion was affected only very little by aging 
it either in neutral or in acid solution. 

B-VIL The chemical composition of the solid used as catalyst. Since 
the catalytic activities of the ''acid” and the "neutral” catalysts differed so 
markedly, the solids were analyzed to determine the valence of the manga¬ 
nese in each. In preparing the catalyst, a small amount of manganous 
ion was added to excess permanganate. The composition of the solid was 
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determined iodometrically; the heterogeneous mixture was filtered, and 
the distribution of oxidizing titer between precipitate and filtrate was 
studied. The following results were obtained (see figure 7). 

Experiment 4061. Catalyst was prepared in acid solution. The reagents 
were introduced into a flask in the indicated order: 10.0 cc. of 0.002 M 
potassium permanganate; 1.0 cc. of 1 M perchloric acid; 0.30 cc. of 0.01 M 
manganous sulfate. Theoretical distribution of oxidizing titer, if manga¬ 
nese dioxide is formed: 10 per cent in the solid phase, 90 per cent in the 
precipitate. Theoretical distribution if manganic oxide (MnjOj) is formed; 



Fio. 6. Thk Catalytic Effect of Manoanesb Dioxide in the Gcyard Reaction 

IN Acid Solution 


Manganese dioxide prepared in neutral solution is more active than that pre¬ 
pared in acid solution. "Aging” the catalyst, either in neutral or in acid solution, 
does not affect its activity. This is due to the fact that the highly dispersed 
“neutral” manganese dioxide does not coagulate into larger particles on acidulation. 

Fio. 7. The Chemical Composition of the Catalyst 

The solid horizontal lines indicate the theoretical titer distribution between the 
liquid and the solid phase if the catalyst is MnOt. The dotted lines give the 
theoretical distribution if the catalyst is MmOi. The experimental values were 
corrected by the same factor, to add up to 100%. It is obvious that the man¬ 
ganese in the catalyst is tetravalent. 

3.75 per cent and 96.25 per cent. Observed distribution: 10.3 per cent 
and 87.0 per cent. 

Experiment 4062. “Neutral” catalyst was prepared (perchloric acid 
omitted). Observed distribution: 10.6 per cent and 88.5 per cent. 

In experiments 4061 and 4062 the same procedure was used as had been 
previously used in experiments 4050 and 4043, of figure 6. In the following 
two experiments the amount of manganous sulfate added was increased 
threefold. In these two experiments the theoretical distributions for 
manganese dioxide and manganic oxide are, respectively, 30 to 70 per cent 
and 11.25 to 88.75 per cent. 
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Experiment 4064. catalyst was prepared. Observed distribu¬ 

tion: 29.3 per cent and 68.3 per cent. 

Experiment 4065. ^^Neutral'' catalyst was prepared. Observed distribu¬ 
tion: 28.7 per cent and 69.5 per cent. 

The experimental results show that both in the ''acid'' and in the ^^neu- 
trar’ catalyst the manganese was tetravalent. Thus, it is highly probable 
that the difference in catalytic activity was due entirely to the difference 
in surface exposed. 


DISCUSSION OF RESULTS 

In the light of recent evidence on the equilibrium existing in an acid 
mixture containing permanganate and manganous ions (2), it is possible 
to give a tentative explanation of the experimental results described in this 
paper. In an acid mixture of manganous and permanganate ions a rapid 
equilibrium is established, in which the concentrations of Mn+++ and of 
are extremely small. The tetravalent ion hydrolyzes, forming a 
hydrate of manganese dioxide. The formation of the precipitate is slow; 
it takes a measurable time before the presence of the solid changes the 
color of the solution, hence the incubation period. The solid catalyzes 
the further precipitation of manganese dioxide. The effect of the acid is 
due partly to its influence on the degree of dispersion of the solid and partly 
to some other, as yet unknown, influence. 

The complex-forming sulfate ion modifies the reaction by shifting the 
equilibrium and directing the reaction through a new path, involving the 
manganic sulfate complex. Fluoride ion has a more pronounced effect 
because it forms a more stable complex. 

The immeasurably fast rate of the reaction taking place when oxalic acid 
is added to an acid mixture of manganous and permanganate ions is due 
to the rapid formation of manganic oxalate ion and the resulting rapid 
shift of equilibrium. A more detailed discussion of this reaction will 
appear elsewhere (3). 

In a mixture containing manganese dioxide, manganous ion, and oxalic 
acid two competitive reactions seem to take place. In one of these the 
oxalic acid merely forms manganic oxalate complex; in the other reaction 
the oxalic acid is oxidized. The data shown in figure 4 seem to indicate 
that the rates of these two reactions are of the same order of magnitude. 
At the present time it would be premature to speculate whether the com¬ 
petition is between the rates of formation of and of Mn'^'^+ or 

between the rates of reaction of these two ions with oxalic acid. 

Thiosulfate ion probably forms a manganic thiosulfate complex anal¬ 
ogous to the red ferric thiosulfate complex. It is highly probable that 
thiosulfate ion, when added to an acid mixture of manganous and perman¬ 
ganate ions, shifts the equilibrium, forming manganic thiosulfate ion. The 
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latter decomposes at once, forming manganous ion (early part of the curve 
shown in figure 1). If manganous ion is absent, as in experiment 2062, 
figure 1, the thiosulfate reacts with the permanganate by some other reac¬ 
tion path, and this results in a higher consumption of oxidizing agent. 
Thus, the apparently anomalous effect of manganous ion, discussed in 
section B-I, is probably due to this rapid shift of equilibrium, 

SUMMARY 

In acid solution the reaction between manganous and permanganate 
ions has an incubation period and is catalyzed by the manganese dioxide 
formed in the course of the reaction. 

The rate of the reaction is increased by a decrease in the acidity or by 
an increase in the concentration of either the manganous or the permanga¬ 
nate ion. 

Sunlight has only a small effect, if any, on the rate of the reaction. 

The reaction can be accelerated by the addition of manganese dioxide 
to the initial solution. The catalyst prepared in a neutral solution is more 
effective than that prepared in acid solution. The difference is probably 
due to the larger degree of dispersion of the “neutral” manganese dioxide. 

Sulfate and fiuoride ions modify the reaction by carrying it through 
another path involving the intermediate formation of moderate amounts 
of the respective manganic complex ion. 

Oxalate ion not only diverts the reaction rapidly into a new path, but 
also leads to the formation of entirely different reaction products. 

When a solution containing both oxalic acid and manganous ion is 
added to freshly precipitated manganese dioxide, the amount of oxalic 
acid oxidized depends chiefly on the ratio: (Mn++)/(HjCjOi). 
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In a previous paper (5) the action of radon on cyclopropane was reported. 
The study of the action of radon on this type of hydrocarbon was continued 
to permit comparisons of their behavior with that of the aliphatic hydro¬ 
carbons to be made and to study the relation of the values of the — Af/JV, 
the heats of formation, and the 

A(H2 + CH4) 

-AHC 

The procedures and methods of calculation of the —M/N values were 
those used in a previous paper (4). The results of the present work are 
summarized in the upper part of table 1 . The lower figures are given for 
purposes of comparison. 

A comparison of the values of —M/N and 

A(H 2 + CIDIOO 
-AHC 

for cyclopentane with the corresponding values for the saturated aliphatics 
and those of cyclopentene with those of ethylene show a very striking 
similarity—^in fact the values are practically identical. 

In a previous paper ( 6 ) the writer pointed out the fact that the — Jlf/AT 
values for compounds with positive heats of formation from diamond and 
hydrogen are low—ordinarily about 2 . The values of —M/N for those 
compounds whose heat of formation was negative were larger than 2 , and 
the values increased with the increase of the negative heat of formation. 
The heat of formation of cyclopentane from diamond and hydrogen was 
calculated from the heat of combustion by means of the general expression 

mCdUmond + 5 Hj -»C„H„ + 92.1 m + 34.2 n - heat of combustion 

The heat of combustion of cyclopentane is 783.6 (9), and the heat of forma¬ 
tion is 18.9 kg-cal. The value of the —M/N is 1.7. The heat of com- 
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bustion of cyclopentene has not been determined experimentally, but was 
calculated by the method of Kharasch (10) and was found to be 735.9. 
The heat of formation from hydrogen and diamond based on this value is 
—1.8 kg-cal., and the —M/N is 4.5. The correlation of these values of the 
heats of formation and the —M/Nis very satisfactory. 

Inasmuch as very pure samples of these substances were available, their 
vapor pressures were determined. 

TABLE 1 


Summary of results 


HYDROCARBON 

1 

-APrC 

IN MM. 

PBR CENT 

tJSBDIN j 
CALCT7LA- 
TION 

A(Hs+CH4) 

-AHC 

-M/N 

HBATOF 

FORMA¬ 

TION 

(diamond 
+ H*) 

PRODtrCT 

Cyclopentane . 

32.9 

100 

73 7 

1 7 

18.9 

Light colored mo- 

Cyclopentene... 

91.0 

97 0 

19 2 

4 5 

-1 8 

bile liquids 

Methane. 



75 7 

2 2 

20 4t 


Ethane. 



j 91 1 

; 1*7 

25 5 

Light colored liq¬ 

Propane. 



82.3 

1.7 

30 3 

uids 

Ethylene. 



16.0* 

4 8 

-6.4 



* During the first part of the reaction. The ratio increases, owing to action on 
the product. 

t Calculated from heats of combustion given in International Critical Tables 
Vol. V, p. 163 (1929). 


EXPERIMENTAL 
Preparation of cyclopentane 

This substance was prepared by the reduction of (a) cyclopentadiene 
and (b) cyclopentene in an Adams hydrogenation apparatus using a plati¬ 
num oxide catalyst. Since these methods of preparation have not been 
previously described, they are given in some detail. 

Dicyclopentadiene (60 cc.) was depolymerized by heating the polymer in 
a Clarke flask contained in a metal bath at 185°C. The temperature was 
gradually increased to 215°C. at the end of the process. Thirty cc. of 
cyclopentadiene dissolved in 175 cc. of 95 per cent ethanol to which 0.5 
g. of platinum oxide catalyst (prepared according to the directions in 
Organic S 3 Titheses, Vol. VIII, p. 92) were reduced in the Adams hydro¬ 
genation apparatus. Only 80 per cent of the calculated amoimt of hydro¬ 
gen was taken up. The portion distilling to 78“C., but chiefly between 
40-45“C., was thoroughly agitated successively with water, concentrated 
sulfuric acid, and dilute sodium hydroxide, and then dried over fused 
calcium chloride. The sample distilled between 49-50°C. On treating 
the alcohol used as a solvent with water, an oily solid separated which was 
identified as tetrahydrodicyclopentadiene by its melting point. This 
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compound had been described by Eijkman (1). Its formation undoubt¬ 
edly accounts for the low absorption of hydrogen. 

Forty cc. of cyclopentenc dissolved in L‘)0 ce. of ethanol was hydro¬ 
genated using 0.25 g. of the oxide catalyst. The calculati'd amount of 
hydrogen was absorbed in alK)ut an hour. The product was removed by 
distilling at 78°C. and was purified as described previously. Any traces of 
unsaturated impurity w^re removed by thoroughly agitating with an 
alkaline permanganate solution until a portion did not decolorize a very 
dilute solution. After drying over calcium chloride, the sample distilled 
at 48.8®C. at 738.4 mm. The boiling point at 760 mm. was calculated to 
be 49.6®C. (3). The boiling point given in the International Critical 
Tables is 49.5°C. (8). 

Purification of cyclopentanc 

The cyclopentane prepared from the cyclopentenc was held over bright 
sodium under its own vapor. Fresh sodium w^as used each day. The 
surface was not coated after standing thirty-six hours. The sample was 
distilled three times under its own vapor pressure from a trap maintained 
at 0®C. and condensed in a trap at — 80®C. The vapor pressure was 107.3 
mm. at 0°C. and was unchanged by the distillations. After two distilla¬ 
tions from — 20®C. to a trap at — 80®C. the vapor pressure at 0®C. was 
107.3 mm. The vapor pressure of the first fraction and of the last fraction 
at 0°C. was 107.3 mm. 


Action with radon 

Very shortly after mixing the cyclopentcne with radon a fog appeared. 
The product collected as a mobile nearly colorless oil on the bottom of the 
reaction sphere, and w^as not appreciably affected by further action of 
radon as shown by the constancy of the ratio 

A(H2 + CH4) 

-AHC 


Typical data is given in table 2. 

Preparation of cyclopentenc 

Cyclopentenc was prepared by the dehydration of cyclopentanol by 
heating with hydrated oxalic acid. The cyclopentanol was made by the 
reduction of cyclopentanone, using a Raney nickel catalyst and hydrogen 
under high pressure. Cyclopentanone (148.5 g. or 1.77 moles) from the 
Eastman Kodak Co. was reduced with hydrogen at an initial pressure of 
1600 lbs., using 8 g. of Raney nickel catalyst but no solvent. After four 
hours at 150®C., 90 per cent of the calculated amount of hydrogen was 
absorbed. The contents of the bomb were filtered through a sintered glass 
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crucible, and the residue was washed with a little absolute alcohol. The 
filtrate was distilled through a Widmer column with an electrically heated 

TABLE 2 


Polymerigation of cyclopentene by alpha rays from radon 
CiH«-> liquid. Temp. 26'’C.; is = 3.95; i «= 1.23; s - 3.21. Reaction sphere: 
volume =■ 35.309 cc.; diameter = 4.070 cm.; Et •« 0.03395 Curie 


TIMS 

RADON 

PRES8URK 

+ CH. 


ku/\ 

-iif/iv 

Days 

Hours 

Total 

CjHs 

Hi + CHi 

-AC.H. 



per esnt 

mm. 

mm. 

mm 







100.000 

168.7 

168 7 







1 03 

99.231 

166.9 

163 9 




40 5 

5 0 


3.16 

97 665i 

163 6 

163 6 




37 7 

4.7 


7.18 

94 757 

158.3 

152 3 

1 0 

1 0 

15 9 

39 9 

4 9 


9 32 

93.260 

155 6 

154 3 

1 3 

0.3 

10 00 

37 6 

4 7 


14.6 

89 629 

149 3 

147 3 

2 0 

0.7 

10 00 

37.7 

4.7 


23 65 

83 747 

140 0 

136.3 

3 7 

1 7 

15 45 

38 9 

4.8 

1 

3.57 

81 311 

137 0 

132.8 

4 2 

0 5 

14 26 

31 5 

3 9 

1 

9 40 

77 832 

132 4 

126 4 

6 0 

1.8 

28.08 

41 7 

5 2 

1 

12 73 

75.928 

129.8 

123 1 

6 7 

0 7 

21.20 

41 0 

5 1 

2 

0.23 

69.648 

122.9 

114 2 

8 7 

1.0 

11 24 

35 2 

4 4 

2 

5.23 

67.086 

120.2 

110.8 

9 4 

0.7 

22.90 

34.9 

4 4 

3 

1.38 

59,679 

111 8 

100.0 

11 8 

2.4 

26.10 

32 1 

4.2 

3 

5.98 

55.719 

110.3 

97.9 

12 4 

0.6 

28 60 

31.8 

4.0 

4 

9.11 

45.461 

103.0 

88.3 

14 7 

2 3 

23.99 

29 6 

37 

5 

0.37 

40.546 

99 9 

83.8 

16.1 

1.4 

31.10 

31 5 

4.0 

6 

0.10 

1 33.935 

96.1 

77.7 

18 4 

2.3 

37 64 

33.6 

4 2 

6 

8.15 

81.947 

94 8 

75 1 

19.7 

1.3 


50.5 

6 3 

Weighted average. 

19.15 

■ 

IB 


jacket. An oil bath was used to heat the sample. The following fractions 
were collected. 


Fraction 1. 77-78®C. Solvent discarded 

Fraction II. ISS-ISO'C. Discarded 

Fraction III. 138-137.6'C. Collected 

Fraction IV. Above 137.5®C. Discarded 


Fraction III weighed 134.7 g. and 95 per cent of it boiled between 137- 
137.5“C. The yield was 91 per cent. 

The reduction of cyclopentanone to the cyclopentanol has also been 
carried out by Godchot and Tabourg (2). They obtained some unreacted 
cyclopentanone, cyclopentane, 60 per cent of the weight of the starting 
substance as cyclopentanol, and 40 per cent as a ketone having the formula 
CioHuO. 
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Cyclopentanol (110 g. or 1.17 moles) and 600 g. of hydrated oxalic acid 
(4.8 moles) were placed in a 1-liter Claisen flask. The flask was heated in a 
Wood's metal bath until the contents began to liquefy. A condensate 
began to appear in the condenser when the temperature of the mixture was 
80°C. The heating was then gradually increased until no more solid was 
present (llO^C.), and held at that temperature for 30 minutes. The 
temperature of the distillate gradually increased to 80°C. The tempera¬ 
ture of the metal bath was increased until the temperature of the vapors 
distilling was 100®C. Very soon after this temperature was reached, the 
condensate was clear, indicating that no more product was being obtained; 
the heating was then stopped. The time of heating was about two hours. 

The cyclopentane was separated from the aqueous layer and dried over 
calcium chloride. The crude material weighed 55.5 g., making a yield of 
70 per cent. The dried product was then distilled from sodium. The 
distillation started at 43®C. and the temperature quickly rose to 43.8®C. 
When the temperature reached 45.5®C. the distillation was stopped. The 
49.0 g. of the product (62 per cent yield) was mixed with the products 
obtained in preliminary runs, and allowed to stand overnight over sodium. 
On distilling, the material boiled between 43.5°C. and 43.8°C. A small 
fraction boiling between 43.8®C. and 44.1®C. was also obtained. The 
barometric pressure was about 740 mm. 

In order to dry it thoroughly and to remove any trace of unchanged 
cyclopentanol, a portion of the material was placed in a vessel previously 
filled with dry nitrogen containing bright pieces of sodium; after 
freezing in liquid oxygen the nitrogen was pumped off. After standing 
twelve hours under its own vapor at 0®C. a brown sludge was formed; the 
sample was then distilled at low temperatures into a second evacuated 
vessel containing a few pieces of bright sodium. After remaining three 
days in contact with the sodium no sludge was formed and the surface of 
the sodium was bright. 


Purification of cyclopentene 

The sample was then distilled from a trap maintained at 0®C. and was 
condensed at — 182®C. The first and last 1.5 cc. were discarded. A 
second distillation was made from 0®C., and condensation took place at 
-182®C. Then the sample was cooled to -182®C. and any non-conden¬ 
sable gases were pumped off. The temperature was raised to 0®C. and, 
after cooling, the pumping operation was repeated to remove any residual 
non-condensed gas. The vapor pressure of the sample at 0®C. was 131 mm. 
The sample was then distilled two times from — 30°C. to — 182°C. When 
two-thirds of the sample had distilled, the vapor pressure of the residue was 
found to be 131 mm. at 0®C. A second distillation under the same condi¬ 
tions was carried out. The vapor pressure of the low-boiling fraction was 
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131 mm. at 0®C. The vapor pressure of the middle sample was also 131 
mm. at 0®C. A sample to use in determining the vapor pressure at various 

TABLE 3 

Polymerization of cyclopentane by alpha rays from radon 


GsHio gas liquid. Temp. 26°C.; is - 4.3; t =« 1.24; s = 3.48. Reaction sphere: 
volume •» 36.805 cc.; diameter =■ 2.045 cm.; Ea »» 0.03718 Curie 


TIME 

RADON 

PRESSURE 


Am/x 

-M/N 

Days 

Hours 

Total 

C,Hi. 

Hj + CHi 

- ^C.H» 



percent 

mm. 

mm. 

mm. 






100.000 

105.5 







2.22 

98.364 

105.5 

Bra 

0.3 


4.9 

0.6 


4.08 

96.987 

105.5 

liil 

0.9 


11.2 

1.3 


7.22 

94.729 

104 9 

103.2 

1.7 

57.2 

15.9 

1.8 


9.83 

92.892 

104.6 


2.7 

77.0 

18 5 

2 1 


22.90 

84.219 

103 2 

97.2 

6.0 


14.7 

1.7 

1 

1.77 

82.426 

103 0 

96 0 

7.0 

83.3 

18 7 

2.2 

1 

19.33 

72.253 

101.5 

90.8 

10 7 

64 8 

14 2 

1.7 

2 

9.58 

64.931 


87.7 

13.3 

83.8 

12.8 

1.5 

2 

20.75 

59 715 

100.4 

85 7 

14.7 


11.9 

1.3 

3 

8.56 

54.653 

100.1 

83 1 


88.5 

16 3 

1.9 

4 

4.20 

47,168 


79 3 


78.8 

16 8 

1.9 

4 

18.8 

42.276 


77.8 


86.7 

16 2 

1 9 

7 

1 19.8 

24.450 


72.3 


79.9 

11 3 

1.3 

Weighted average. 

73 7 


1.7 


TABLE 4 


Vapor pressures of cyclopentane and cyelopentene 



TAPOR PRESSURE OF 
CYCLOPBNTANB 

t 

VAPOR PRESSURE OF 
CYCUOPENTENE 

•c. 

mm. 

•c. 

mm. 

-52.0 

4.4 

-77.5 

1.0 

-47.5 

6.1 

-50 8 

6 1 

-38.8 

12.1 

-26.8 

31.0 

-25.9 

27.3 

-9.2 

81.9 

-14.4 

53.0 

0.0 

129.3 

0.0 

107.4 

+6.8 

178.1 

6.0 

140 7 

+12.3 

226 6 

13 6 

197.6 

15.0 

253.1 

18.4 

241.8 

19.9 

309.4 



43.5 

731.2 


temperatures and to subject to the action of o-particles was taken, after 
about a third of the material had been distilled off. The vapor pressure 
of this sample was 131 mm. at 0°C. 
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Action with radon 

The action with radon was practically identical with that of cyclopen¬ 
tane. The data is given in table 3. 

Vapor pressures 

The vapor pressures of cyclopentane and cyclopcntene at various tem¬ 
peratures were determined using the method and apparatus previously 
described (7). The results are given in tabic 4. 

SUMMARY 

1. Pure cyclopentane and cyclopcntene have been prepared, and the 
vapor pressures at several temperatures have been determined. 

2. The action of radon on these compounds has been studied. The 
— M/N values arc in agreement with the heats of formation and with 

A(H2 + CH4)100 
~AHC 

The writer wishes to acknowledge the grant from the Graduate School 
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The composition of the precipitate formed when carbonate-free alkali 
is added to solutions of eoppcT salts can be estimated, without analysis, by 
electrometric titration, using the quinhydrone electrode as pH indicator. 
The application of the method to several copper salts has been previously 
described ( 1 , 6 ). In all cases where evidence was obtained for a definite 
basic salt, the composition was that of the 1:3 salt, for example, CuCb- 
3 Cu0 (?)H 20 . Such 1:3 precipitates have been formed under favorable 
conditions from solutions of the following copper salts: sulfate, chloride, 
nitrate, and trichloroacetate. 

To extend the list further, the precipitation of basic copper perchlorate 
has been studied by the electrometric method. Unlike the cases previ¬ 
ously investigated a 1:6 salt is formed, i.e., Cu(C 104 ) 2 * 6 Cu 0 -(?)H 20 . 
Because of this anomalous behavior, the composition of the precipitated 
basic salt has been tested further by direct analysis for the copper to per¬ 
chlorate ratio. The results confirm the formula derived by the electro¬ 
metric method. 


EXPERIMENTAL 

Preparation of solutions 

A solution of carbonate-free sodium hydroxide was prepared by the 
method of Cornog (5). 

Copper perchlorate solutions were made by tw^o methods. For solution 
A, barium chloride was added in slight excess to a solution of copper sulfate, 
and the precipitated barium sulfate was removed by centrifuging. A small 
weighed excess of perchloric acid was added to prevent hydrolysis. In 
making solution B, an excess of vacuum-distilled perchloric acid was 
allowed to react with basic copper carbonate. Aside from the excess acid, 
this solution contained only copper and perchlorate ions. The acid present 
was estimated by the position of the initial breaks in the curves, as shown 
in figure 1 ( 7 ). Both solutions were standardized for copper content by the 
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iodometric method. A blank test showing no liberation of iodine from 
potassium iodide by perchlorate ion in weak acid solution demonstrated 
that the method was applicable. 

Ekctrometric titroHom 

Both direct and delayed titrations were used as previously described in 
the case of copper trichloroacetate (1). Using a saturated calomel refer¬ 
ence electrode, an b.m.p. value of -|- 0.007 volt was chosen as the end-point, 



Fig. 1 


TABLE 1 

Use of direct titrations in determination of alkali required per mole of copper perchlorate 
(1.7143 required for 1:6 basic salt) 


BOLXTTXON A 

SOLUTION B 

Normality of copper 
perchlorate solution 

Moles of NaOH 

Normality of copper 
perchlorate solution 

Mdesof NoOH 

1.000 

1.710 

1.000 

mgESm 

0.400 

1.714 

0.400 


0.266 

1.714 

0.100 


0.100 

1.711 




this being the point of maximum slope of the titration curves. In all of 
the titrations of solutions of initial concentration greater than 0.1 N, very 
nearly 1.714 moles of alkali were required per mole of copper salt. This 
indicates a 1:6 basic salt.^ The results for the direct titrations are shown 


‘ According to the equation, TCuCClOO* + 12NaOH >» Cu(C 104 )i- 6 Cu 0 '( 7 )Hj 0 
+ CNatSOi, the ratio of moles of sodium hydroxide to moles of copper salt is 1.7143:1. 
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in figure 1 and table 1 those for the delayed titrations, in table 2. In the 
delayed titrations it is certain that sufficient time was allowed to let the 
system come to equilibrium. Because the results were identical for the 
direct and the delayed titrations, it may be concluded that the precipitates 
were in equilibrium with the solutions even in the direct titrations. 

For solutions less concentrated than 0.1 iV, more than 1.714 moles of 
alkali were required. This indicates that under these conditions the 
precipitate was probably a mixture of the 1:6 salt and hydrated copper 
oxide. 


TABLE 2 


Use of delayed titrations in determination of alkali required per mole of copper 

perchlorate 


SOHmON OF 

Cu(CK)4)2 used 

NORMALITY 

OF (CuCl04)l 

TIME OF 
STANDING 

TREATMENT 

MOLES NaOH 

ADDED 

INITIALLY 

TOTAL MOLES 

NaOH 

A 

0 10 

20 hours 

a* 

1.633 

1 712 

A 

0.10 

20 hours 

bt 

1.633 

1.712 

A 

0 10 

8 days 

b 

1.626 

1 711 

A 

0.27 

20 hours 

a 

1.636 

1.711 

A 

0.27 

20 hours 

b 

1.633 

1 711 

A 

0 27 

8 days 

b 

1 633 

1.712 

B 

0 40 

20 hours 

a 

1.657 

1 714 

B 

0.40 

20 hours 

b 

1 557 

1.714 

B 

0 40 

8 days 

b 

1.557 

1 714 

B 

0 10 

l 20 hours 

a 

1 557 

1 715 

B 

0.10 

20 hours 

b 

1 557 

1 716 

B 

0 10 

8 days 

b 

1 557 

1 715 

B 

0 93 

20 hours 

a 

1 557 

1 714 

B 

0 93 

20 hours 

b 

1 557 

1 713 

B 

0 93 

8 days 

b 

1.557 

1.714 


* a denotes constant stirring, 
t b denotes occasional shaking. 


Analyds of the precipitate 

To 0.4 N copper perchlorate, alkali was added in amounts somewhat loss 
than 1.714 moles per mole of copper salt.® After three washings by centri¬ 
fuging and decantation, the moist precipitate was dissolved in dilute 
sulfuric acid to make a stock solution. Separate aliquot portions of this 
solution were analyzed for copper iodomctrically, and for perchlorate by 

* Points on the curves above pH 7, approximately, do not represent equilibrium 
conditions. On standing a rather rapid decrease in pH is observed, owing to the 
interaction of the excess hydroxyl ions with the precipitated basic salt. 

* More than 1.7143 moles of alkali would, of course, convert a part of the basic 
salt into hydrated copper oxide, so that the precipitate would not have definite 
composition. 
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the nitron method (4). In the basic salt Cu(C104)2-3Cu0'(?)Hj0, the 
ratio of moles of copper to moles of the perchlorate radical should be 7:2. 
Analysis of one precipitate from copper perchlorate solution A sdelded a 
ratio of 6.96:2. Two precipitates from solution B each yielded a ratio of 
6.99:2. 


DISCUSSION 

Previously both electrometric (1, 6) and phase rule studies (2) have 
established the individualities of several 1:3 basic salts of copper of which 
CuS04-3000-41120 is an example. Britton (3) has given a review of the 
various theories, based on constitution, which have been proposed to 
account for this regularity of behavior. Now, with definite evidence for a 
1:6 basic copper perchlorate, any future theories must explain the structure 
of this salt as well. The authors believe that no satisfactory theory has 
yet been advanced. 


SUMMABY 

1 . When alkali is added to an excess of copper perchlorate in solutions 
above 0.1 N, the precipitate has the constitution'. Cu(C 104 ) 2 - 6 (^u 0 -(?)- 
H 2 O. This compound has not been reported in the literature. 

2 . This 1:6 salt is unlike any other basic salts of copper previously 
known. 
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INTRODUCTION 

This investigation records solubilities of Z-rhamnose, a-d-mannose, 
/3-flf-nmnnose, d-mannonic- 7 -lactone, d-mannonic-5-lactone, a-methyl-d- 
niannosido, and d-mannitol in methyl, ethyl, allyl, propyl, isopropyl, and 
the four isomeric butyl alcohols. An attempt has been made to compare 
the solvent properties of this series of alcohols for a given sugar, and in 
addition to compare the effect of structure of the sugar derivatives on 
solubility in a given solvent. Practically no data of this kind are now 
available. The results of Creighton and Klauder (4) for the solubility of 
mannitol in ethyl alcohol at 60°C. do not agree with those presented here, 
since they report mannitol as much more soluble than we have found it 
to be. 


EXPKHIMENTAl, 

Materials 

Z-Rharanose hydrate was purified by recrystallization from methyl alcohol, 
m.p. 92°C., [aJo®” = —7.7° (initial) and -|-8.85° (final). a-d-Mannose was 
obtained according to the method of Levene ( 6 ), m.p. 132-135°C., and 
^-d-manno.se was obtained according to the method of Riiber and Minsaas 
(7). Its constants were m.p. 133.5°C., [a]“° = —18° (initial) and -f-14.6° 
(final). The constants for the d-mannonic-y-lactone were m.p. 152°C. 
and [a]^° = +52.3° with no change in twenty-four hours. For the 
d-mannonic 6 -lactone, m.p. 162.5°C., [a]f' = + 112 ° two minutes after 
solution. a-Methyl-d-mannosidc had a melting point of 195°C. and a 
rotation = +80.6°. d-Mannitol melted at 167°C. and its rotation 
Md® = +24.5° in the presence of borax. 

The physical constants as above given established the purity of the 
different solutes used. 

Each of the alcohol solvents was purified by means of a prolonged drying 
process with calcium oxide and was then subjected to careful fractionation, 
using an eflSicient fractionating column. The fractions selected corre¬ 
sponded very closely in boiling point and density with the best values re¬ 
corded in the literature. These constants are summarized in table 1. 
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Procedure 

The solubility determinations were made by the synthetic method of 
Alexejew (1). Among the other workers who have used the method are 

TABLE 1 


Summary of constants for alcohols 


ALCOHOL 

BOILXNQ TBMPERATUBB 
(corks CTBL) 

DBNBZTT IN OBAUS PSR CC. 
AT20*C. 

Found 

Accepted 

Found 

Accepted 


•c. 

“C. 



Methyl. 

65.2 

64.5 

0.7916 

mSm 

Ethyl. 

78.6 

78.5 

0.7883 


Allyl. 

96.4-96.6 


0.8530 


Propyl (normal). 

97.5-97.7 

97.8 

0.8034 

1 0.804 

Propyl (iso). 

82.4 

82.3 

0.7853 

0.7854 

Butyl (normal). 

117.5 

117.7 

0.8093 


Butyl (secondary). 

99.4-100.0 

99 5 

0.8067 


Butyl (iso). 

107.7-107.9 


0.8016 


Butyl (tertiary)*. 

82 5-82.6 

82 8 

0 7810t 

0.781t 


* Melting temperature =• 24®C. 
t At 26*0. 



Garrick (2), Collett and Johnston (3), Kendall and his students (5), Schro¬ 
der (8), Sidgwick and his students (9), Sunier (10), and Ward (11). 

The essential feature of this method is to ascertain the temperature at 
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which the last crystal just disappears when a known mixture of solvent and 
solute is slowly heated. Collett and Johnston (3) checked this method in 
comparison with the usual anal}rtical method and found very good agree¬ 
ment between the two. 

Small glass bulbs of 3 to 15 ml. capacity similar to those described by 
Collett and Johnston (3) were used, and their technique was followed in 
filling the bulbs and obtaining the weight of solvent and solute. 


TABLE 2 


Solubility in methyl alcohol 


TBKPERATUKB 
IN ^C. 

KOLBS OP 
BOLUTB PBR 100 
KOLBS 

OP SOLVENT 

TEKPERATURB 

IN“C 

KOLBS OP 
BOLUTB PBR 100 
KOLEB 

OP SOLVENT 

Z-Rhamnose (hydrate) 

/3-d-Mannose 

35.9 

16.7 

41 5 

1.84 

42 6 

24 4 

45 0 

2 19 

49.1 

35 5 

51.3 

2 82 

53 3 

44.0 

55 0 

3 26 

56 0 

49.9 

59.1 

3 95 

60.5 

61.4 

64.2 

4 97 

a-d-Mannose 

d-Mannonic- 7 -lactone 

44.8 

2.18 

40.0 

0.813 

46.1 

2.29 

47.9 

1 083 

50.1 j 

2 83 

53 4 

1 325 

50.2 

2.84 

60.9 

1.797 

53.9 

3 38 

67.4 

2 367 

58.9 i 

4.22 



62 6 

5.07 

a-Methyl-d-mannoside 

1 


40.2 

0 458 



43 7 

0 523 



49.8 

0 652 



54 9 

0.776 



58 4 

0 867 



62.4 

1.010 



64.6 

1.094 



66 8 

1 205 


KOLBS OF 

TBlfPBRATUHB BOLUTB PER 100 
IN **0. KOLBS 

OF SOLVENT 


rf-Mannonic“5-lactone 


35.8 

0.235 

45.3 

0.341 

50.4 

0.415 

54.9 

0.508 

56.8 

0 581 

63.4 

0.779 

66 9 

0.957 


d-Mannitol 


47.0 

0.0766 

49.7 

0.0874 

60 8 

0.136 

66.0 

0.173 

69.7 

0.210 

72.9 

0.256 

76 6 

0 298 

77.3 

0.316 

80 5 

0.367 


Figure 1 is a rough sketch of the apparatus used. The bath was a large 
beaker heated by means of an electric hot plate and filled with water for 
temperatures up to Ofi^C. and with paraffin oil for higher temperatures. 
Two determinations were made at one time. The bulbs were fastened to 
the shaker arms by means of rubber bands as indicated, and the whole was 
contained in a cabinet to reduce temperature variation to the minimum. 
The shaker arms made two hundred complete vibrations per minute; this 
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was found to produce adequate stirring of the bath. Total immersion 
calibrated thermometers graduated in 0.2‘’C. intervals were used. 

The temperature was raised fairly rapidly at first and then more slowly 
toward the end of a determination. The rate of heating could be con¬ 
trolled by the placing of one or more light bulbs in series with the heating 
elements. Usually approximately twenty minutes was required in raising 


TABLE 3 

Solubility in ethyl alcohol 


TBMPSBATURB 
IN ‘C 

MOLES OF 
SOLUTE PER 100 
MOLES 

OF SOLVENT 

TEMPERATURE 
IN ‘C. 

MOLES OP 
SOLUTE PER 100 
MOLES 

OF SOLVENT 

TEMPERATURE 
IN *C. 

MOLES OP 
SOLUTE PER 100 
MOLES 

OP SOLVENT 

/-Rhamnose (hydrate) 

d-Mannonic" 7 -lactonc 

d-Mannonic-3-lactone 

42 0 

7.93 

44 1 

0.207 

42 0 

0.0863 

49 3 

12.6 

48.3 

0 250 

49 8 

0 124 

63.6 

17.2 

55 9 

0,357 

53 6 

0 144 

54.5 

18 7 

60 4 

0.427 

60 4 

0.192 

56.1 

21 5 

64 5 

0 519 

66 8 

0 262 

59 2 

26.1 

— 


68 2 

0 279 

59.8 

27.5 

a-Methyl-d-mannoside 


— 

59.9 

27 9 



d-Mannitol 

61 1 

30 7 

37 9 

0 0940 


-‘ 



47 4 

0.177 

53 6 

0.0293 

a-d-Mannose 

48.5 

0.186 

62 0 

0.0463 



52.4 

0 229 

63 3 

0 0494 

43 3 

0 353 

53 9 

0.241 

69.6 

0 0634 

52.0 

0 490 

54 6 

0 247 

73.0 

0 0768 

67.9 

0,627 

62.0 

0.342 

77.2 

0.0989 

58 3 

0 639 

66.1 

0.413 

80 3 

0 122 

61.1 

0 695 

76 2 

0.615 

85.2 

0 166 

67.6 

0 895 

81 0 

0 761 

92 5 

0 255 



84 6 

0 905 



j9-d-Mannose 





48.2 

0 337 





61.8 

0 394 





55 3 

0.455 





61.2 

0 568 





65 4 

0 697 




1 

71.4 

0.867 






the temperature the last degree. By means of the switch the shaking 
machine could be stopped momentarUy for observation of the bulbs. The 
temperature recorded, as nearly as could be determined, was that point at 
which the last crystal of solute just disappeared. Usually two or three 
determinations of the solution temperature were made with each bulb. 
Recrystallization was carried out as rapidly as possible by cooling the bulbs 
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in a refrigerator and shaking them by hand occasionally in order to obtain 
the solutes in the form of small crystals. Two careful determinations, the 
results of which showed a divergence not greater than 0.2°C., were con¬ 
sidered satisfactory. 

The determinations with Z-rhamnose were difficult because the rather 
concentrated solutions were cloudy, and because rhamnose has a tendency 


TABLE 4 

Solubility in allyl alcohol 


TKMPERATnRE 

IN*C 

MOLE» OF 

BOLT TE PER lOO 
MOLES 

OF SOLVENT 

TEMPERATURE 
IN •C 

MOLES OF 
SOLUTE PER 100 
MOLES 

OF SOLVENT 

TEMPERATURE 
IN “C 

MOLES OP 
SOLUTE PER 100 
MOLES 

OF SOLVENT 

/-Rhamnose (hydrate) 

/3-d-Manno8e 

d-Mannonic-6-lactone 

35 8 j 

4.05 

47 2 

0 235 

42 0 

0 0806 

38 2 I 

4.49 

51 8 i 

0 281 

46 6 

0 0964 

46 1 

6 28 

55 5 

0 338 

53 0 

0 127 

49 2 

7 58 

58 4 

0 392 

57 7 

0 156 

54 5 1 

10 72 

65 0 

0 511 

62 0 

0.192 

59 8 

14 90 

68 2 

0 586 

67 6 

0 247 

An n 

in AO 





OU 0 

10 uJ 





62 4 

18 60 

d-Mannonic- 7 -lactone 

d-Mannitol 

a-d-Mannose 

46 4 

0 215 

55 9 

0 0296 


— 

49 7 

0 250 

59 4 

0 0362 

48 2 

0 323 

55 1 

0 320 

63 6 

0 0460 

52 0 

0 378 

60 4 

0 404 

60 3 

0.0627 

55 3 

0 438 

63 4 

0 464 

75 0 

0 0854 

56 5 

0.455 


L- 

79 7 

0 112 

m 6 

0 672 

a-Methyl-d-mannoside 

8-1 7 

0 141 



46 2 

0 197 





49 4 

0 229 




% 

53 3 

0 275 





55 9 

0 313 

1 




58 5 

0 345 





60 5 

0 391 





63 2 

0 436 





70 3 

0 581 




to form large crystals. The usual time required to make the determina¬ 
tion with either of the d-maimoses was three hours. Only one determina¬ 
tion was made with each bulb, since the a- and /i-d-mannosc both undergo 
more or less mutarotation in alcohol solution and the rccrystallized product 
is not a single substance. The two d-niannonic-lactones and the a-methyl- 
d-mannoside gave no difficulties. With d-mannitol initial determinations 
were not reliable, since it was found to recrystallize in one of two different 
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TABLE 5 


Solubility in n-propyl alcohol 



MOLSa OF 


MOLBB OF 


HOLES OP 

TBlCPaBATURB 


TBIIPBRATUBB 

BOLUTB PBB 100 

TBIfPBRATURB 

BOLUTB PBR 100 

IN *0. 

KOLB8 

IN *0. 

M0LB8 

IN “C. 

MOLB8 


OF SOLVBNT 


OF SOLVENT 


or SOLVBNT 

Z-Rhamnose (hydrate) 

j9-d-Mannose 

d-Mannonic-5-Iactone 

31.0 

2.43 

48.7 

0.123 

45.9 

0.0476 

40.0 

3.32 

53.0 

0.149 

50.2 

0.0566 

41.3 

3.61 

59.8 

0.192 

53.9 

0.0679 

46.1 

4.43 

65.6 

0.250 

59.7 

0.0945 

51.2 

6.04 

70.3 

0.306 

65 4 

0.123 

56.5 

61.1 

8.04 

10.33 

75.7 

0.419 

71.4 

0.157 





63.2 

12.44 

d-Mannonic- 7 -lactone 

d-Mannitol 

a-d-Mannose 

42.2 

0.0849 

58.8 

0.0193 



47.3 

0.105 

61.5 

0.0236 



41.3 

0.129 

55.3 

0.158 

67.3 

0.0328 

47.1 

0.164 

64.6 

0 244 

73.7 

0.0474 

56 4 

60.0 

0.248 

0.290 

68 6 

0.296 

78.6 

89.2 

0.0631 

0.108 



63.1 

0.320 

a-Methyl-d-mannoside 

90.9 

0 122 

68.4 

0.396 

45 8 

0.077 

97.7 

0.174 



48.9 

0.099 





54.6 

0.148 





60.1 

0.194 

41 




68.1 

0.270 





75.3 

0.386 





86.5 

0.622 
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TABLE 6 


Solubility in isopropyl alcohol 


TEMPSRATUHB 
IN “C. 

MOLES OF 

’’solute per 100 

MOLES 

OF SOLVENT 

TEMPERATURE 
IN "C 

MOLES OP 
SOLUTE PER 100 
MOLES 

OP SOLVENT 

TEMPSRATORB 
IN “C. 

MOLES OP 
SOLUTE PER 100 
MOLES 

OP SOLVENT 

i-Rhamnose (hydrate) 

/3-d-Manno8e 

d-Mannonic-fi-lactone 

36 8 

3.01 

47.1 

0.130 

45.6 

0.0607 

44 5 

4.06 

51.7 

0.159 

51.0 

0.0748 

49 3 

5.37 

58.3 

0.206 

55«4 

0 0935 

53 8 

6.86 

62.4 

0 250 

61.1 

0.121 

55 3 

7.49 

67.6 

0.312 

65.3 

0.146 

61 2 

10,70 

71.1 

0.371 

69.7 

0.181 

a-d-Mannose 

d-Mannonic-y-lactone 

d-Mannitol 

40.2 

0.131 

43 8 

0.109 

55.2 

0.0180 

49.3 

0 191 

61 6 

0.163 

59.5 

0.0224 

52.3 

0.227 

57.4 

0.215 

65.7 

0.0318 

57 7 

0.297 

64 4 

0.294 

69.5 

0.0459 

59 3 

0.321 

67.9 

0.349 

79.3 

0.0775 

64 2 

0.388 



81.5 

0.0882 



a-Methyl-d-mannoside 





46.3 

0.0876 





51.6 

0,129 





57.3 

0 164 





60.8 

0 206 





65.7 

0 254 





68 0 

0.276 





73.8 

0 362 





79 7 

0 486 
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TABLE 7 


Solubility in n-^hutyl alcohol 


TEMPBRATURB 

1N*C. 

llOLBB OF 
SOLX7TB PBR 100 
MOLBS 

OP BOLVBNT 

TBMPBRATURB 
IN “C. 

IIOLBB OF 
80LUTB PBR 100 
MOLBB 

OP BOLVBNT 

TBMPBRATURB 
IN "C. 

ILOLBS OF 
SOLUTE PBR 100 
MOLBS 

OF BOLVBNT 

i-Rhamnose (hydrate) 

/S-d-Mannose 

d-Mannonic-5-lactone 

32.3 

1.85 

41.3 

0 0679 

48 1 


40 9 

2 27 

51.2 


50 8 

0 0414 

47.6 

3.38 

55.8 

0 101 

53 9 

0 0472 

53.6 

4 39 


0.127 

59 6 


55.2 

4 89 

65 1 

0 165 

65 0 


61 0 

6 66 

72 6 

0 245 

69 4 


a-d-Mannose 

d-Mannonic- 7 -lactone 

d-Mannitol 

42.9 

0.0888 

47.1 

0.0719 

58 5 


47.1 

0 101 

51.3 

0.0868 

65 8- 

0 0199 

51 0 

0 116 

54.7 

0.106 

67.1 


55,6 

0.141 

60.1 

0.139 

77 0 


55 8 

0 142 

63.0 

0.163 

84 2 

0.0648 

62 9 

0 199 

71 5 

0 242 

89.4 

0.0887 

69.6 

0 281 



95 2 

0.1337 



a-Methyl-d-mannoside 





45 8 

■n 





56.1 

BBI 





56,2 






62.7 

0.165 





67.5 

0.219 





73.1 

0.290 





91.1 

0.632 
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TABLE 8 


Solubility in secondary-butyl alcohol 


TBMPBRATURB 
IN “C 

MOLBA OP 
SOLUTE PER 100 
MOLBS 

OF SOLVENT 

TBUPBRATLTRE 
IN “C 

MOLES OP 
SOLUTE PER 100 
MOLES 

OP SOLVENT 

TEMPERATURE 
IN “C 

MOLBS OF 
SOLUTE PER 100 
MOLES 

OF SOLVENT 

i-Rhamnosc (hydrate) 

/J-d-Mannose 

d-Maimonic-6-lactone 

43 1 

3 25 

45 1 

0 0933 

44 9 

0 0415 

49.1 

4 04 

48 7 

0 116 

49.2 

0.0487 

51 8 

4 53 

53 9 

0 144 

54 0 

0 0637 

52.5 

4.68 

58 0 

0 175 

58 5 

0 0827 

58 6 

6 41 

65 2 

0 239 

64 9 

0 115 

65 4 

8 74 

70 6 

0 301 

71 9 

0 152 

*70 4 






11 4 

lo ob 







d-Mannonic- 7 -lactone 

d-Mannitol 







a-a-iviariiiose 







43 1 

0 0807 

53.5 

0.0164 

46 1 

0 132 

46 6 

0 0927 

60 3 

0.0227 

50.8 

0 162 

52 0 

0 125 

66.1 

0 0286 

55.4 

0.199 

57 4 

0 167 

69 5 

0.0356 

56.4 

0.209 

64 7 

0 238 

73.0 

0 0432 

64.0 

0 281 

68 7 

0 286 

83.3 

0.0772 

76,1 

0 438 



100.8 

0.1904 



a-Methyl-d-mannoside 





49 7 

1 0 107 





53 9 

j 0 140 





58 6 

0 175 





66,7 

0 251 





75 6 

0 367 





80 5 

j 0.440 





93 9 

0.768 
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TABLE 9 

Solubilily in isobutyl alcohol 


TXMPBRATURB 
IN *C. 

MOLB8 OF 
SOLUTB PBR 100 
KOLBS 

OP SOLVBNT 

TBKPBBATURB 
IN *0. 

KOLBS OP 
SOLUTB PBB 100 
KOLBS 

OF SOLVBNT 

TBKPBRATURB 
IN “C. 

KOLBS OF 
SOLUTB PBR 100 
KOLBS 

OP SOLVBNT 

Z-Hhamnose (hydrate) 

d-Mannonic- 7 -lactone 

d-Mannonic-5-lactone 

40.4 

2.18 

49.5 

0.0659 

46.8 

0.0307 

44.8 

2.85 

51.7 

0.0770 

52.3 

0.0402 

51.4 

3.78 

56 9 

0.102 

55.4 

0.0461 

55.0 

4 51 

63.3 

0.142 

59.5 

0.0582 

61.2 

6.17 

66.4 

0.164 

63.0 

0.0693 

66 6 

7.83 

75 1 

0 236 

68.1 

0 0842 

a-d-Mannose 

a-Methyl-d-mannoside 

d-Mannitol 

47.1 


46.1 

0.0528 

57.5 


52.1 


51.1 

0.0746 

61.3 

0 0149 

55.1 



0.104 

67.4 

0.0195 

57.6 

0.135 

63.5 

0.154 

72.1 

0.0269 

62.6 

0.180 

69.4 

0.221 

73.6 


72,5 

0.269 

74.3 

0.285 

83.3 

0.0538 



80.1 

0.363 

89.5 

0.0754 

)3-d-Mannose 

83.0 

0.420 

101.8 

0 1636 

47.0 

0.0608 





49.8 

0.0679 





54.0 

0.0820 





58 2 

0.103 





63.8 

0.137 





72.1 

0.203 
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TABLE 10 


Solubility in tertiary-butyl alcohol 


TSICPERATURB 
IN *0 

MOLBa OF 
BOLUTB PBK 100 
MOLBS 

OP SOLVENT 

TEMPBRATURB 
IN •€. 

MOLBB OF 
BOLUTB PER 100 
MOLBB 

OF SOLVENT 

TEMPERATURE 
IN “C. 

MOLES OF 
SOLUTE PER 100 
MOLBS 

OF SOLVENT 

^-Rhamnose (hydrate) 

/3-d-Mannose 

d-Mannonic-5-lactone 

42 4 

3.97 

47.9 


39.4 

0.0638 

53.2 

5.99 

52.3 


43.4 

0.0752 

57.1 

7.10 

58 1 


47.6 

0.0907 

62 3 

8 72 

65 0 

mBSM 

53.7 

0.125 

67.4 

11 40 

69 5 

\ 0 487 

57.7 

0.153 



74.0 


67.1 

0.226 














d-Mannonic- 7 -lactone 

d-Mannitol 

45.3 

0 208 


. -. -. 







47.3 

0.227 

35 2 


43.1 


52.8 

0 272 

41.9 

0.123 

46.3 


54.2 


48.7 


55.0 


61.6 

0.409 

55 6 


62.7 


64.2 

0 447 


0.288 

71.5 

0.0845 

68 7 

0.521 



79.7 

0.1115 



— 

— 

90 3 

0.1487 



a-Mcthyl-d-mannoside 





38.0 






41.4 






55.0 






60.9 






71.7 






83 8 

0.613 












Fig. 2. Solubility of ^-Rhamnose in Alcohols 
Curve 1, methyl alcohol; curve 2, ethyl alcohol; curve 3, allyl alcohol; curve 4, 
n-propyl alcohol; curve 5, isopropyl alcohol; curve 6, w-butyl alcohol; curve 7, 
«ec.-butyl alcohol; curve 8, isobutyl alcohol; curve 9, tert.-butyl alcohol. 
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Fig, 3. Solubility of a-d-MANNosE in Alcohols (See Figure 2) 
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HOLES OF SOLUTE PER 100 HOLES OF SOLVENT 


TEMPERATURE t 

Fig. 5. Solubility of rf-MANNONic-T-LAcroNE in Alcohols (Sbe Figubs 2) 
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TEMPERATURE 



MOLES OF SOLUTE PER 100 MOLES OF SOLVENT 

Fio. 6. SoLTjBiLrrr of o-MethtiwI-mannobide in Alcohols (See Fioubb 2) 



MOLES OF SOLUTE PER 100 MOLES OF SOLVENT 

Fig. 7. Solobilitt of iJ-MannonioS-lactonb in Alcohols (See Fiousb 2) 

1092 







SOLUBILITY OF COMPOUNDS OF MANNOSE SERIES 


1093 


crystal forms having different solubilities. The temperatures reported are 
for the type having the lower solution temperature. 

Determinations made at temperatures higher than 90°C. are less reliable, 
owing to difficulty in controlling the temperature and in keeping the oil 
bath clear. No corrections were made for the alcohol in the vapor phase. 

Solution temperatures for the seven sugar derivatives in the nine differ¬ 
ent alcohols are recorded in tables 2 to 10. The temperature is in degrees 
Centigrade and the concentration is expressed in moles per one hundred 
moles of solvent. The data are expressed graphically in figures 2 to 8. 



DISCUSSION OF RESULTS 

In this study it has been possible to obtain information regarding the 
solubilities of a series of seven closely related isomeric compounds, of which 
six are of the d-rotatory variety and one of the 1-rotatory variety. 

In every solvent 1-rhamnose, which was used in the form of its mono¬ 
hydrate, is many times as soluble as the next most soluble substance 
studied. a-d-Mannose is more soluble in all the alcohols than ^-d-man- 
nose, in the ratio of approximately 1.4 to 1. This is of special interest, 
since these isomeric forms of mannose differ only as regards the groups on 
the first asymmetric carbon atom. In most solvents a-methyl-d-manno- 
side is only slightly less soluble than (S-d-mannose, but is considerably less 
soluble than a-d-mannose from which it is derived. The difference in 
solubility of d-mannonic-7-lactone and d-mannonic-5-lactone is pronounced. 



1094 


F. W. UPSON, E. A. PLUBVOG, AND W. D. ALBERT 


The former is the more soluble in the ratio of approximately 2 to 1 in most 
alcohols, but over 3 to 1 in methyl alcohol. The relatively unstable 5-lac- 
tone thus has the lower solubility. The 7 -lactone is more soluble than 
/ 3 -d-mannose in all the solvents. Of all the compounds studied, the poly- 
hydric alcohol d-mannitol has the lowest solubility in all the alcohols. 

The results of these studies confirm the general rules of solubility. All 
the solutes are polar compounds and hence their solubility in general 
decreases with increasing length of the carbon chain in the alcohols studied. 
All seven sugars are much more soluble in methyl alcohol (curve 1 ) than 
in any of the other alcohols. Second in solvent properties stands ethyl 
alcohol (curve 2 ), and allyl alcohol (curve 3) stands third. There is one 
exception; a-methylmannoside is somewhat more soluble in allyl alcohol 
than in ethyl alcohol. With the exception of rhamnose and of mannitol 
above 75°C., tertiary-hwiyX alcohol (curve 9) comes next in the series after 
allyl alcohol in the order of decreasing solvent action. We should expect 
it to be a better solvent than the other butyl alcohols, but not a better 
solvent than the propyl alcohols. With two exceptions, isopropyl alcohol 
(curve 5) is a slightly better solvent than normal propyl alcohol (curve 4). 
In the case of rhamnose and methylmannoside, the two alcohols have 
almost identical solvent properties. For all the sugars the remaining 
three butyl alcohols stand in the order secondary (curve 7), normal (curve 
6 ), and isobutyl (curve 8 ). Thus there is agreement in the case of the 
propyl and butyl alcohols in that the secondary is a better solvent than the 
normal alcohol. 


SUMMARY 

1 . Solubility data were determined by the synthetic method for seven 
carbohydrate derivatives in nine alcohols. 

2 . The concentration in terms of moles of solute per hundred moles of 
solvent and the solution temperature are given for each determination. 
The data are also presented graphically. 

3. A comparison of the solubilities of the different solutes in the nine 
alcohols has been made. 
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THE THERMAL DECOMPOSITION OF NITROMETHANE^ 

H. AUSTIN TAYLOR and VLADIMIR V. VESSELOVSKY 
Nichoh Chemical Laboratory, New York University, New York City 

Received November 24, 1934 

In attempts during recent years to isolate data for unimolecular reac¬ 
tions the decomposition of various organic halides, ethers, azo compounds, 
amines, and nitrites has been studied kinetically, and though superficial 
results would suggest that in most cases a net reaction of the first order was 
occurring, extremely few are so free from secondary changes that the results 
may be accepted unequivocally. The multiplication of such attempts is 
thus justified. No nitro compounds have so far been studied. The sim¬ 
plest, nitromethane, was therefore chosen. 

The apparatus and method used for the study were identical with those 
used previously by Taylor (3) in similar work, and involved the determina¬ 
tion of the rate of pressure change of the reactant with time. To prevent 
condensation of the nitromethane vapor the apparatus outside the furnace 
was maintained at about 80®C. throughout the work. The nitromethane 
used was carefully fractionated from a Kahlbaum sample, the fraction 
boiling between 100.5 and 101°C. being collected. Temperatures from 
390 to 420°C. were found to yield a convenient velocity of decomposition. 
The percentage increase in pressure during reaction was found to be 130, 
independent of temperature and pressure, as is shown in table 1. 

Data of a typical experiment are given in table 2 showing the observed 
pressure increases occurring at the specified times at 420®C. with an initial 
pressure of 198 mm. of nitromethane. 

The complete data are presented in table 3 in the form of fractional lives 
calculated as the times necessary for 25, 50, and 75 per cent of the total 
pressure increase to occur. This procedure is justified, since from the 
constancy of the end points under all conditions studied the same reaction 
is proceeding in each case. 

From the general constancy of the above values, particularly for the 
quarter-lives at the higher temperatures, the reaction may be taken as of 
the first order, at least early in the reaction. The changing values of the 
three-quarter-lives would suggest the presence of secondary reactions of 
higher order than the first. In view of this possibility, the observed in- 

^ Abstract from a thesis presented in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy at New York University, June, 1934. 
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<jrease in the quarter-lives with decrease in initial pressure especially at the 
lower temperatures may be due either to a real deviation of the reaction 

TABLE 1 


Increase in pressure during decomposition of niirometkane 


INITIAL PRSaSUBB 

PBB GENT INCBBABB 

INITIAL PRBBSURB 

PBR GENT INCRBABB 

Temperature =» 390®C. 

201 

129 

65.6 

131 

148 

130 

25.5 

133 

100.5 

130 




Temperature » 400°C. 


201.5 

130 

52 

133 

156.1 

130 

26 5 

130 

101.5 

131 




Temperature « 410°C. 


187.5 

130 

55 

130 

145 

131 

26.5 

131 

105.5 

130 




Temperature ~ 420®C. 


198 

130 

51 

130 

167 

130 

27 

129 

104 

131 




TABLE 2 

Data of a typical experiment 
Temperature, 420®C.; initial pressure, 198 mm. 


TIME 

PREBaURB INCREASE 

TIME 

PRESSURE INCREASE 

minvies 

mm. 

minutes 

mm. 

1 

40 

25 

234.5 

2 

67 

30 

240 

3 

89 

35 

243.5 

4 

108 

40 

246 

5 

124 

45 

247 

6 

138 

75 

249.5 

8 

161 

334 

251.6 

10 

179 

469 

253^.6 

15 

208 

1354 

257 

20 

224.5 




from unimolecularity or to these secondary reactions of higher order which, 
if they should have lower temperature coefficients than the unimolecular 
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reaction, would have a relatively larger effect on the overall rate at lower 
temperatures and higher pressures. 

TABLE 3 

Complete data for the decomposition expressed as fractional lives 


INITIAL PREB8URB 

FRACTIONAL LIVES 


1 1 

tu 1 

tn 


Temperature =» 420°C. 


mm. 

minutes 

minutes 

minutes 

198 

1.40 

4 00 

7.50 

157 

1.40 

4 00 

7.00 

104 

1.50 

4 00 

7 50 

51 

1.40 

3 50 

7 50 

27 

1 38 

4 00 

7 50 

Temperature = 410°C. 

189 

2 50 

7 40 

15.4 

153 

2 60 

7 40 

15.2 

97.5 1 

2 60 

7 80 

15.4 

46.5 1 

2 70 

7 60 

15 6 

23.5 

2 60 

7 40 

15.4 

Temperature = 400°C. 

201 5 

5.10 

14 0 

28 0 

156 

5 12 

14 0 

28 0 

101.5 

5 50 

14 0 

28 0 

52 

5 20 1 

13 0 

25.0 

26.5 

5 30 j 

14 0 

24.0 

Temperature « 390®C. 

307 

6 50 

1 


202.5 

8 00 

21 0 

42 0 

148 

10 40 

27 0 

51.6 

100.5 

10 35 

27 5 

52 1 

55 

10 40 

29 0 

61.0 

25.5 

10.40 

32.0 

63.0 

Temperature * 380°C. 

199.5 

16.0 



146 

16.5 



101 

17.5 



49.5 

21.0 



24.5 

22.5 
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To find the effect of increased surface the reaction vessel was filled with 
short lengths of Pyrex tubing, the ratio of surface to volume being in¬ 
creased 6.3 times. A comparison between experiments on the normal 
and increased surface is afforded by a typical run as shown in table 4. 
Taking the total pressure increase as 130 per cent for the reaction in the 
packed vessel as in the empty vessel, the quarter- and half-lives for the 
above reactions are 1.40 and 4.00 minutes in the empty vessel and 1.46 and 
4.10 minutes in the packed vessel. The reaction in its early stages does 
not therefore appear to be influenced to any marked extent by surface. 

TABLE 4 

Comparison between experiments on the normal and increased surface 


Temperature, 420°C. 


TIME 

INITIAL PRESSURE 

Empty, 198 mm 

Packed, 216 5 mm. 

Pressure increase 

minutea 

mm. 

mm. 

1 

40 

50 

2 

67 

87.5 

3 

89 

115 

4 

108 

136 

5 

124 

152 

6 

138 

162 

8 

161 

181 

10 

179 

190 

20 

224 5 

205 

40 

I 246 

206 

50 

247 

202 

60 

248 5 

199 

80 

249,5 

193 

170 

250 

188 

260 

251 

192 

1350 

257 

199 


That the later reactions, however, are changed by the extent of surface can 
readily be seen from the peculiar pressure changes in the packed vessel 
given above, wherein the pressure increase reaches a maximum, falls, and 
then later rises again. This pressure decrease always observed in the 
packed vessel, though never found with the empty vessel, can be traced, 
as is shown later, to a condensation in the capillaries of some of the products 
of reaction. This fact is responsible for the apparent changed end point in 
the packed vessel. 

The influence of foreign gases in the course of reaction was very thor¬ 
oughly investigated for the following gases,—^helium, nitrogen, nitric 
oxide, carbon dioxide, and oxygen. With the exception of oxygen all 
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these gases were found to be without effect, the observed results, indeed, 
duplicating those already given. The addition of oxygen resulted in an 
appreciable change of the reaction rate and a somewhat different end point. 
The data are presented in table 5. 

The energy of activation of the reaction in its early stages was found by 
application of the Arrhenius equation to the average values of the quarter- 
lives at the higher pressures as previously given. The logarithms of these 
times plotted against the reciprocals of the absolute temperatures gave a 
good straight line with a slope corresponding to 61,000 calories. 

The actual mechanism of the reaction seems to be so extremely complex 
that it will be simplest to outline it step by step and to attempt to justify 
each step as given. The primary step postulated involves a split of 
oxygen according to the equation 

CH3NO2 CH3NO + IO2 
TABLE 6 

The influence of oxygen on the reaction rate 

Temperature, 420®C.; initial pressure of nitromethanc, 102.5 mm.; initial pressure 

of oxygen, 79.5 mm. 


TIME 

PRE88T7KE INCREASE 

TIME 

PRE8BUUB INCREASE 

rrunutes 

mm 

mmules 

mm. 

1 

29 5 

! 12 

118 5 

2 

49 5 

15 

122.5 

3 

65 

20 

125.5 

4 

77 5 

40 

126 

5 

87 5 

70 

126 

6 . 

99.5 • 

i 250 

129 

8 

106 

! 1350 

130 

10 

113 5 

i 

I 



That nitrosomethane is formed fairly readily was demonstrated by reflux¬ 
ing nitromethane at its boiling point for forty-eight hours. The liquid was 
then fractionated and a small fraction boiling at 84°C. collected. This is 
the boiling point of formaldoxine, the isomer of nitrosomethane. Upon 
refluxing a small i)ortion of this liquid with water for some hours and 
subsequent addition of silver nitrate a copious precipitate of silver cyanide 
was obtained, according to the reaction 

CHarNOH HCN + H2O 

Another portion of the formaldoxime was hydrolyzed in presence of acid 
and gave a subsequent test for aldehyde 

CHaiNOH + H2O CH2O + NH2OH 
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The proven presence of formaldoxime is indirect substantiation for the 
postulated nitrosomethane which is known to be unstable and to isomerize 
as stated (2). 

Nitromethane is known to oxidize according to the reaction (1), 

CHjNOj + f O2 CO* + IH2O + JN* 

and gas analyses of the products of reaction showed their presence in large 
quantities. The reaction indeed must be a rapid one, as is demonstrated by 
the increased rate observed in the experiments with added oxygen as 
compared with those in its absence. 

The third step involves the fate of the nitrosomethane; the simplest 
assumption would be the splitting into nitric oxide and free methyl radicals, 
which would give ethane alone or a mixture of methane, ethylene, and 
hydrogen, as frequently appears in hydrocarbon decompositions. Assum¬ 
ing the former, 

2 CH,NO CjHt + 2NO 

there would be for the overall reaction occurring 

lOCHjNO* -♦ 6NO + 6H*0 + 4CO* + SC^H, + 2N2 

The presence of large amounts of nitric oxide continually made itself felt 
during the conduct of the experiments. Copious brown fumes of the diox¬ 
ide were alwa 3 rs observed upon evacuating the system after each run. 

In an effort to identify the above products and their relative amounts 
at the end of the decomposition a number of bombs were made up contain¬ 
ing nitromethane; they were then heated to allow complete reaction to 
occur. The bombs upon cooling always showed large amounts of water. 
In some, definite tests for cyanides were obtained and others contained a 
white solid. A microanalysis of the solid* gave it the empirical formula 
CHtNOa, and it later proved to be ammonium bicarbonate. Analysis of 
the gases remaining in the bomb gave on the average 23 per cent carbon 
dioxide, 30 per cent carbon monoxide, 16 per cent methane, 4 per cent 
nitric oxide, about 1 per cent each of hydrogen and an unsaturated hydro¬ 
carbon reckoned as ethylene, with the residual 25 per cent of nitrogen. 
These analyses, bearing only superficial resemblance to the amount of 
products postulated above, suggested the possibility that concentration 
and surface conditions existing in the bombs might have a marked effect on 
the later progress of reaction. It will be recalled that although no effect 
of increased surface was found early in the reaction, the later stages were 
greatly changed. An observation of significance too, was that instead of 
copious brown fumes being observed on evacuating the system after runs 

* Thanks are due Dr. Joseph B. Niederl for this analysis. 
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with the increased surface, vapors with a strong ammoniacal odor alone 
were found. Close inspection of the capillaries after a number of these 
runs showed traces of the white solid, ammonium bicarbonate. Appar¬ 
ently one of the later reactions in the series is capable of l)eing catalyzed to 
yield varying products; it is suggested as most likely that the nitroso- 
methane decomposition is responsible, since it is this reaction which yields 
the observed nitric oxide in large amounts with the empty vessel. The 
condensation of ammonium bicarbonate in the capillaries accounts satis¬ 
factorily for the pressure decrease observed with the increased surface and 
the reduced end point as compared with runs in the empty vessel. As 
stated previously, nitrosomethane will isomerize to formaldoxime, which 
in the presence of water from the nitromethane oxidation will hydrolyze to 
yield hydroxylamine and formaldehyde. The latter would be decomposed 
at the temperature in question into carbon monoxide and hydrogen. The 
hydroxylamine would yield ammonia, and hence give rise to ammonium 
bicarbonate in the system. It seems quite reasonable then, that the speci¬ 
fic surface effect may be in the isomerization of the nitrosomethane to 
formaldoxime and, in view of the large amounts of nitric oxide produced in 
the runs in the unpacked vessel, to assume the mechanism given above. 
The overall reaction would then correspond to a pressure increase of 110 
per cent as compared with the observed 130 per cent. If the reactions of 
the free radicals from the nitrosomethane should not give ethane alone, and 
the 16 per cent of methane in the bomb experiments would seem to suggest 
this, the total pressure change would be greater than that given above and 
more nearly in agreement with the observed. 

In summary then, the main reaction being studied appears to be a 
homogeneous unimolecular split of nitromethane into nitrosomethane and 
oxygen, with an energy of activation of about 61,000 calories. The com¬ 
plexity of the subsequent reactions does not permit a further analysis of the 
observed kinetic data. 
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The marked similarity that has appeared up to the present in the decom¬ 
positions of primary and secondary amines (3, 4, 5, 6) is significant, sug¬ 
gesting an (explanation in the i)r(\sencc of the replaceable hydrogen in the 
amine group. The lemoval of tliis in a tertiary amine might be expected 
to cause a considerable change, since now the bond broken must certainly 
be C — N and lienee data on this bond alone would be definitely available. 
At the sanui time it appeared possible that a study of the mechanism of the 
decomposition, hitherto negle(4ed, might shed further light on existing 
difficulties in the reactions of the other amines. 

The method of study again adopted was the static one, as in all previous 
cases, supplemented by analyses at significant points during the reaction. 
The tricthylamine, originally an Eastman product, was stored over sodium 
to remove alcohol and water and distilled three times, the portion boiling 
between 88.7 and 90.3°C. being collected (»ach time. The high boiling 
point of the amine necessitated that the capillaries and stopcocks con¬ 
necting the amine reservoir, reaction vessel, and manometer be heated to 
prevent condensation. Since most of the measurements were made at 
pressures below atmospheric, a temperature of 80®C. was maintained 
throughout the parts of the system outside the furnace, proving sufficient 
for the purpose. The rate of pressure increase with time was measured at 
pressures from about 20 to 400 mm. at temperatures of 450, 470, 485, and 
500^C. 

The percentage increase in pressure for the end point of the reaction was 
extremely difficult to obtain, owing presumably to very slow secondary 
reactions occurring. Thus a sample of amine left in the system for six 
days at 450®C. increased in pressure 2 mm. between the sixth and seventh 
day. A rather arbitrary time limit was thus set at forty-eight hours at 
450°C., this being reduced at the other temperatures studied by an amount 
in accordance with the observed temperature coefficient. In this way the 
pressure increase was found to vary from 200 to 250 per cent for the initial 

* Abstract from a thesis presented in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy at New York University, June, 1933. 
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pressure range 360 to 20 nun. These values, however, were uninfluenced 
by temperature, as table 1 will show. 

Data for the individual experiments are most conveniently given as the 
times necessary for the pressure to increase by 25,60, 75,100, and 175 per 
cent of its initial value. At the lowest temperatures the times correspond¬ 
ing to the latter were not measured at all pressures and are therefore not 
listed in table 2. 

The above values, especially those for 25 and 50 per cent pressure in¬ 
crease, being constant above about 150 mm. at 450°C., about 120 mm. 
at 470®C., about 50 mm. at 485®C., and at all pressures studied at 500®C. 
suggest that the reaction is of the first order, passing towards the bimolecu- 
lar range at pressures below the limits stated. 


TABLE 1 

Relation between temperature and preemre increase 


TSIIPBRATUBD 

INITIAL PRBSSURB 

PBK CENT PRS88URB INCSBASB 

"C. 

mm. 


450 

25 

258 

450 

128 

221 

450 

242 

205 

470 

21 

256 

470 

317 

201 

485 

33 

254 

485 

286 

205 

500 

17 

268 

500 

161 

216 

500 

! 347 

194 


The usual test for homogeneity of the reaction was made. The reaction 
vessel was packed with short lengths of Pyrex tubing suflSicient to increase 
the surface to volume ratio a little more than seven times. Examples are 
given in table 3 of reactions in this packed vessel at 450®C. where no 
difference from the normal rates is shown. 

The effect of additions of foreign gases was determined for nitrogen, 
ammonia, and hydrogen. The data given in table 4 were obtained. 

It will be observed that experiments were made at the highest and lowest 
temperatures studied in each case and also at various pressures to include 
the effect of the added gas on the reaction in the pressure range where it 
appeared to have deviated from its unimolecular course. The effect of 
nitrogen is negligibly small at all temperatures and pressures studied. 
The same also applies to ammonia. Hydrogen on the other hand has a 
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TABLE 2 

Times required for pressure to increase by certain per cent of its initial value 


PRBSSUBB 

tu 

iUi 

in 

tm 

- 

tm 

Temperature = 500°C. 

mm. 

minutes 

1 minutes 

minutes 

minutes 

minutes 

15 

0 25 

0 

56 

0.91 

1.30 

2.9 

50 

0 28 

0 

62 

0 97 

1.46 

3.9 

69 

0 25 

0 

57 

0 96 

1.40 

4 0 

122 

0 26 

0 

57 

0.95 

1.43 

4.9 

138 

0.28 

0 

.63 

1.04 

1.55 

5.35 

161 

0.27 

0 

55 

0 90 

1.37 

4.8 

185 

0 27 

0 

58 

0 97 

1.48 

5 4 

245 

0 26 

0 

60 

0.99 

1 50 

5.7 

285 

0.27 

0 

61 

1 01 

1 57 

6 6 

322 

0 26 

0 

60 

1 01 

1.60 

7.0 

347 

0.26 

0 

59 

1 04 

1.60 

7.8 


Temperature = 485®C. 


33 

0 80 

1.60 

2.50 

3.70 

4.9 

36 

0.74 

1 53 

2 39 

3.40 

5.0 

48 

0 65 

1 31 

2.08 

3 05 

4.4 

50 

0 55 

1 22 

1 95 

2 95 

4.1 

59 

0 52 

1 14 

1.85 

2.65 

7.7 

92 

0.50 

1 12 

1.90 

2 85 

8.7 

154 

0.50 

1 17 

1 95 

2 98 

10.0 

197 

0 50 

1.11 

1.94 

2.96 

10.0 

224 

0.48 , 

1.09 

1.87 

2.93 

9.9 

258 

0 50 1 

1 16 

1.97 

3.10 

11.9 

286 

0.50 ' 

1 17 

2 06 

3.19 

12.8 

358 

0.53 

1 20 

2 12 i 

3.32 

14.5 

377 

0.48 

1.17 

2.04 

3 21 

14.4 

Temperature « 470®C. 

21 


3.21 


7 07 


29 


2.78 

4.40 

6 88 


62 


2 81 

4.73 

7.11 


66 


2 65 

4.53 

6.93 


108 


2.80 

4.71 

7.20 


130 


2 55 

4.45 

6.78 


162 


2.49 

4.40 

6 82 


217 


2 59 

1 4.47 

6.91 


242 


2.45 

1 4.42 

6.87 


297 


2.57 

4.46 

6.89 


317 


2.54 

4.40 

6 89 


407 


2.47 

4.42 

6.92 
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TABLE 2 —Concluded 


INITIAL 

PRXS»IIRX 

« 

PRACTIONAL LIVES 

^26 

tw 

<76 

<100 

<171 

Temperature = 450°C. 

mm. 

mtnutes 

minutes 

minutes 

minutes 

minutes 

25 

4.0 

9.0 

16.0 

23.2 


34 

3.8 

8 9 

16 0 

24.3 


50 

3.7 

8.7 

14.8 

22 5 


80 

3 6 

8 6 

14 9 

22.8 


102 

3.3 

8 2 

14 5 

22 5 


128 

3.0 

7 8 

13 8 

21 5 


150 

2.7 

6 9 

12 2 

18.9 


199 

2 6 

6.7 

12 3 

19 7 


242 

2.8 

7.4 

13 5 

21.3 


297 

2,7 

7.4 

13 4 

21.2 


330 

2.7 

7 3 

13 3 

21 2 


369 

2.7 

7.3 

13 3 

21 1 



marked effect. There is evidence that it accelerates the reaction slightly 
in its early stages both at low and at high pressures; the low pressure rate, 
however, is not raised to its high pressure value. Later in the reaction, as 
will be seen from a comparison of the times for 175 per cent increase in 
pressure in the presence and absence of hydrogen, the rate of pressure 
increase is markedly reduced and to such an extent that the pressure-time 
curve reaches a sharp maximum and actually decreases again slightly on 
continued heating. Whether the effect in the earlier stages is a true effect 
due to fruitful collisions cannot be said, but certainly the effect later in the' 
reaction must be due to a hydrogenation. 

To obtain the energy of activation of the reaction the logarithms of the 
average values of the times for 25, 50, and 75 per cent pressure increase in 
the high pressure range were plotted against the reciprocal of the absolute 
temperature. Excellent straight lines were obtained, the slopes however 
increasing steadily so that the energies calculated from them were 52,080 
calories for 25 per cent, 55,550 calories for 50 per cent, and 57,300 calories 
for 75 per cent pressure increase. In itself this is sufficient indication that 
the reaction is complex and that the energy of activation of the earliest 
reaction occurring is less than 52,000 calories and would most probably be 
of the order of 50,000 calories. This value is higher than that found for the 
primary amines, namely 44,000 calories, but is in fair agreement with the 
value of 49,000 calories found for diethylamine. 

The first attempt to obtain some idea of the products of reaction was 
made by interrupting a static run when only partially completed, removing 
the furnace from around the reaction vessel, and replacing it with liquid 
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air. Only fixed gases should then remain, namely methane, hydrogen, or 
nitrogen. Thus, 222 mm. of amine after 10 minutes at 500°C. gave enough 
permanent gas at liquid air temperature to yield a pressure of 17 mm. 
Again, 384 mm. of amine after 23 hours at 450‘’C. gave a residual gas 
pressure of 28.5 mm. Assuming the simple gas laws to hold approximately. 


TABLE 3 

Reaction in vessel packed with Pyrex tubing 
Temperature, 450°C. 


INITIAL I'UESBrRK 

FRACTIONAL LIVES 

tih 

tbO 

t7S 

fioo 

mm. 

minutes 

minutes 

minutes 

minutes 

346 

2 8 

7 2 

13 3 

21 7 

190 

2 9 

74 

13 1 

20 8 


TABLE 4 


Effect of added foreign gases 


INITIAL PUESSt ItE 

TEMPER- 

FRACTIONAL LIVES 

Amine 

Added gas 

AlrUE 

^28 

fto 

ht, 

fioo 

fl78 

mm 

mm 


minutes 

minutes 

minutes 

minutes 

minutes 

126 

100 Nj 

500 

0 25 

0 61 

0 91 

1 42 

4 2 

80 

102 N2 

500 

0 30 

0 64 

1 02 

1 50 

4 4 

240 

155 Nj 

450 

2 7 

6 8 

12 6 

21 4 


170 

150 N2 

450 

2 7 

7 0 

12 5 

19.4 


146 

101 Nj 

450 

2 7 

7 2 


19 6 


81 

100 N, 

450 

3 5 

8 1 

14 4 

21 6 


no 

124 NH, , 

500 

0 28 

0 61 

1 03 

1 55 

5 3 

73 

143 NHs 

500 

0 28 

0 61 

1 00 

1 55 

5 0 

214 

183 NH3 

450 

2 8 

7 2 

13 0 

20 0 


24 

179 NH, 

450 

4 0 

8 7 

14 4 

22.0 


214 

159 IIj 

500 

0 25 

0 56 

0 95 

1 50 

6 8 

154 

151 Hj 

500 

0 24 

0 55 

0 94 

1 45 

5 9 

96 

99 H2 

500 

0 27 

0 57 

0 97 

1.47 

6 2 

51 

153 H2 

500 

0 24 

0 60 

0 97 

1 53 

7 0 

51 

100 H2 

500 

0 27 

0 57 

0 95 

1 43 

4 8 

257 

102 Hi 

450 

2 5 

6 6 

11 6 

18 6 


175 

143 Hj 

450 

2 4 

6 2 

11 2 

17 7 


25 

153 Ha 

450 

3.6 

9 4 

20 7 




these figures show that the fixed gases constituted G5 and 60 percent 
respectively of the initial pressures. This would indicate that only slight 
amounts of ammonia and unsaturated hydrocarbons were produced during 
the reaction. To decide this definitely about 0.2 g. of amine was sealed 
under its own vapor pressure at room temperature in a glass bomb and 


TBS JOURNAL OP PHTBtCAL CHRMtSTRY, VOL. XXXIX, NO. 8 



1108 


H. AUSTIN TAYLOR AND EDWIN B. JUTBRBOCK 


thoroughly decomposed at 600°C. The gas remaining was then analyzed,* 
showing on the average of several determinations 58 per cent methane, 20 
per cent ethane, 3 per cent ammonia, 2 per cent unsaturated hydrocarbon 
(bromine absorption), no hydrogen, and the residue 17 per cent nitrogen. 
In all such bomb experiments, owing to the high concentration of the re¬ 
actant, large amounts of a tarry deposit always form—^an occurrence never 
observed in the individual static runs. 

Samples of the triethylamine were heated at 400‘’C. for from one to tliree 
hours to test for intermediate products early in the reaction. In the 
liquid which remained after heating, the presence of some primary amine 
was demonstrated by the Rimini test and of a hydrazine in quantity by 
reduction of alkaline silver nitrate. Cyanides, by the ferrocyanide and 
thiocyanate tests, acetonitrile by hydrolysis with hydrochloric acid, and 
secondary amines by the Simon test were shown to be absent. Analysis 
of the gas formed under these conditions showed the presence of 8 per cent 
ammonia, 3 per cent unsaturated hydrocarbon, less than 1 per cent of 
hydrogen, and the residue on combustion gave a CO 2 to H 2 O ratio of 3 to 4. 
This would indicate the residual gas to be either propane or a mixture of 
methane and butane. A further sample of this gas therefore was kept in 
solid carbon dioxide until no further contraction in volume occurred. The 
uncondensed gas gave a CO 2 to H 2 O ratio of 1:2.06. The condensed gas on 
vaporizing and combustion gave a ratio of 4:5.2. The residual hydro¬ 
carbon is then a mixture of methane and butane, the percentages of the 
total gas being 22 for methane and 35 for butane, leaving a residual 32 per 
cent of nitrogen. 

Analysis shows then that butane is present in considerable quantities 
in the early stages of reaction. To account for this at the same time as a 
hydrazine the following reaction would seem to be indicated. 

2 (C 2 H 6 )jN (C2H5)2N—N(C 2 Hs )2 + C 4 H 10 

This would probably be a second-order reaction and would be followed by 
the decomposition of the hydrazine and also of the butane. If it is as¬ 
sumed that nitrogen and butane are formed by the hydrazine, the butane 
in turn yielding finally methane and ethane with residual carbon as always 
found, two molecules of amine would yield seven molecules of gaseous 
products corresponding to the pressure increase of 250 per cent observed. 
The butane decomposition, known to be relatively slow at 600'’C., would 
account for the slow approach to the end point. If the hydrazine decom¬ 
position is relatively fast, as appears probable from the absence of any 
noticeable induction period, which would be expected since the initial 

* These analyses and the subsequent tests after partial decomposition were kindly 
made by W. Takacs of this laboratory. 



THERMAL DECOMPOSITION OF TRIETHYLAMINE 


1109 


bimolecular reaction involves no volume change, then the overall reaction 
in the intermediate stage would correspond to two molecules of amine 
yielding three of butane and one of nitrogen, approximately a two for one 
split. Now by the analytical method of Guggenheim (1) we can judge 
approximately the end point towards which a reaction is heading at any 
stage in its course, from three readings equally separated in time. The 
larger the time intervals the more accurate is the result. Applying this in 
three cases it is found that, at 500®C. for the first two minutes of reaction, 
corresponding to a pressure increase of 100 per cent, the end point should 
be 164 per cent and for two runs at 485®C. the end point should be 150 per 
cent. The errors involved in this determination do not justify the accept¬ 
ance of these figures as absolute, but one fact would appear certain, namely, 
that the reaction in its early stages is more nearly a two for one split than 
the three or four for one necessary to account for the observed pressure 
increases of between 200 and 250 per cent. 

The mechanism suggested would appear so far to be satisfactory. The 
decomposition of the hydrazine would most probably be unimole(*ular, as 
is known to be the case for butane. The pressure increases herein meas¬ 
ured would thus be those of a unimolecular volume increase reaction suc¬ 
ceeding a bimolecular reaction without volume change. The relative rates 
of these would control the apparent order of reaction, but at a certain lower 
pressure the bimolecular reaction must eventually take control and the 
apparent order pass to more nearly two. Extremely little is known of the 
postulated tetraethylhydrazine, so that further speculation must be 
avoided. 

In view of the presence of free ammonia and unsaturated hydrocarbon 
and in relatively larger quantities in the earlier than later stages of reaction, 
it would seem that some immediate decomposition of the amine into am¬ 
monia and an unsaturated hydrocarbon was occurring. The actual 
amounts found, however, preclude this possibility as of real significance 
in the major mechanism. The simultaneous presence of ammonia and 
unsaturated would account for the traces of primary amine found in the 
analyses. The effect of added ammonia, slight if any, could only be to aid 
such a reaction. The effect of added hydrogen, which is the more marked 
in the later stages of the reaction and especially on the end point, is to be 
accounted for by its known hydrogenation of unsaturateds formed in the 
butane decomposition (2). 


SUMMARY 

The thermal decomposition of triethylamine has been investigated over a 
pressure range from 15 to 400 mm. at temperatures from 450 to 500°C. 
The reaction is homogeneous with an energy of activation in its early stages 
of the order of 50,000 calories. The mechanism suggested by analysis of 
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intennediate products involves the formation of tetraethylhydrazine and 
butane with subsequent decompositions yielding chiefly methane and 
nitrogen. ^ 
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In a previous communication (6) the results of studies on the homo¬ 
geneous reaction occurring between chlorine and propane were presented. 
The present paper deals with the results obtained in the presence of 
catalysts. 

PROCEDURE 

The same flow method was used in tliis research as in the previous work 
on the homogeneous reaction. The per cent of chlorine converted was 
calculated from the iodine and hydrochloric acid titrations in the potas¬ 
sium iodide absorbers. The reactants were purified, measured, and mixed 
before being j)assed into the heated contact mass. 

At the beginning of a scries of runs, a new catalyst was placed in the 
reaction chamber and activated with nitrogen at 400®C. for about two 
hours. This was followed with chlorine at about 200°C. for thirty minutes, 
and the excc^ss chlorine was swept out with nitrogen at room temperature. 

MATERIALS 

The silica gel used as a catalyst base was obtained through the courtesy 
of the Silica (lel Corporation, It was a gel prepared by the method of 
Patrick and contained some iron. The gel was purified by boiling with 
concentrated nitric acid and then with distilled w^ater until acid-free, dried 
on a steam bath, and activated w ith clean dry air at 270°C. 

The catalysts were prepared by the method of Smith and Reyerson (5). 
A solution of Cu(NH.04 (NO3)2 or Cu(NH 3 ) 4 Cl 2 , depending upon the catalyst 
wanted, w^as made while the gel was activated at 350-400^0. The gel was 
allowed to cool and the copper solution poured over it. The impregnated 
gel, which w^as blue, was placed between filter papers to dry. The method 
from here on depended upon the type of catalyst wanted, namely, metallic 
copper, or cupric chloride on the gel. 

If the copper gel was wanted the Cu(NH 3 ) 4 (N 03)2 gel was placed in the 
furnace and dry air or oxygen passed over it. This was then reduced to 
metallic copper by passing a stream of hydrogen at 450°C. over it until 

nil 
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reduction was complete. In the production of the cupric chloride catalyst, 
the gei impregnated with Cu(NH8)«Clj was placed in the catalyst tube and 
activated as described previously, 

TABLE 1 

Chlorination of propane using ALOi as catalyst 


30 minutes duration. Total rate of flow 2 liters per hour. CiHitCli ••1:1 


TSllPERATUBB 

CiHa 

UNUSED 

Cl* 

UNUSED 

Ch 

USED 

Cl* 

RUN IN 

PER CENT Cl* 
USED 


535 


21 

494 

4.3 


516 


57 

485 

11.8 

151 

503 

380 

100 

480 

20 8 

166 

475 

315 

172 

487 

35 3 

179 

A, 427 

207 

279 

486 

57.3 

187 

1 413 

175 

338 

513 

65.9 

191 

454 

54 

425 

479 

88 7 

* 199 

j 415 

4 

619 

623 

99.2 


TABLE 2 

Chlorination of propane using ALOi as catalyst 


30 minutes duration. Total rate of flow 2 liters per hour. CtHiiCli ••2:1 


TEMPERATURE 

CaHs 

UNUSED 

Cl* 

UNUSED 

Cl* 

USED 

Cl* 

RUN IN 

PER CENT Cl* 
USED 

•c. 

62 

632 

368 


320 

0 6 

97 

662 



309 

1.6 

139 

637 

272 

31 

303 

10.2 

148 

635 

288 

41 

329 

12 5 

160 

643 

263 

73 

336 

21.8 

171 

625 

233 

109 

342 

31.8 

182 

619 

187 

130 

317 

41 0 

187 

601 

161 

176 


52.1 

193 

600 

122 

213 


63.5 

201 

600 

75 

280 


78.9 

205 

564 

50 

301 

351 

85.6 

208 

588 

50 

304 

354 

86.0 

208 

574 

54 

304 

358 

84.8 

211 

575 

10 

365 

375 

97.4 


The aluminum oxide catalyst was furnished through the kindness of the 
Aluminum Ck)mpany of America, It was an excellent uniform product of 
8-14 mesh that had been specially activated. Its catalytic behavior was 
tested in dehydration reactions in which olefins were pyrogenically made 
from the corresponding alcohol. The results showed the catalytic activity 
to be excellent. 
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This activated alumina was slightly reddish in color, which was probably 
due to the presence of traces of iron. After activating it for eight hours 
with nitrogen, the temperature rose from 20°C. to 40*^0. when the react¬ 
ants were passed through it, indicating good absorptive powers. 

DISCUSSION OF RESULTS 

The runs in this group were divided into two series, namely, determina¬ 
tions at 10 liters per hour for the total rate of flow and at 20 liters per hour. 
One series of runs was made at 2 liters per hour using a copperized gel 
catalyst. No further runs were made at this rate, as poisoning is high at 
such low space velocities. A few runs were made at 50 liters per hour, but 




Fig. 1. Chlorination of Propane Using AI 2 O 3 as Catalyst and a Rate of Flow 
OF Two Liters per Hour 
0 CsHsiClj - 2:1; A CsHgiCb » 1:1 

Fig. 2. Chlorination of Propane Using CuCl2-Si02 Catalyst and a Rate of 
Flow of Ten Liters per Hour 
C3H,:Cl3 = 2:1 

the problem of heat transfer was so great that the results obtained were not 
valid. 

A series of runs was made using an activated aluminum oxide catalyst, 
the results of which are summarized in figure 1 and tables 1 and 2. It was 
believed that a layer of aluminum chloride would form on the aluminum 
oxide base and thus give a very active catalyst. The AlCb • AbOa combina¬ 
tion was desired, as aluminum chloride if used alone would sublime and 
leave the reaction chamber. It was hoped that the aluminum oxide would 
prevent this. 

In comparing the data represented in figure 1 with similar data in the other 
catalytic runs it can be seen that the aluminum oxide catalyst was quite 
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active. Nevertheless, it proved to be undesirable. Water was found to 
be continually coining over with the products of the reaction, and on exam¬ 
ination the catalyst proved to be saturated with water. The probable 
reaction is as follows: 

AljO, + 6HC1 2 AICI 3 -h 3 H 2 O 

This water undoubtedly reacted with chlorine to give hsrpochlorous acid. 
How this would affect the propane or the course of chlorination is unknown, 
but it would not simplify matters. The use of this catalyst was conse¬ 
quently discontinued, and only the CuCl 2 Si02 gel catalyst used. The 
latter catalyst was active and easy to prepare. 

The question of the dehydrogenation of propane prior to chlorination 
arises in the catalytic reaction. Frey and Huppke (2) have recently 


TABLE 3 

Chlorination of propane rising Cu-Si02 catalyst 
60 minutes duration. Total rate of flow 2 liters per hour. CtHiiCl, 1:1 


TEMPERATtJBB 

C,H6 

UNUSED 

Ch 

UNUSED 

Cl* 

USED 

Cl* 

RUN IN 1 

PER CENT Cl* 
USED 

*C. 

52 

n 

1018 

2 

1020 

0 2 


■EH 

1184 ^ 

12 

1196 

1 0 

145 

819 

976 

106 

1082 

9 8 

153 

1056 

921 

135 

1056 

12 8 

164 

955 

786 

224 

1010 

22 2 

184 

843 

580 

463 

1043 

44 3 

204 

726 

411 

742 

1153 

64.3 

209 

595 

193 

923 

1116 

82.7 

225 

632 

34 

994 

1028 

96 7 

246 

413 

14 

1132 

1146 

98 8 

m 

448 


1397 

1397 

100.0 


studied the dehydrogenation of propane. They give the following equa¬ 
tion for the affinity of the reaction: 

A = 25,920 - 9.2ir logioT - 0.2ir 


Since all of the chlorinations were made below 300®C., we shall use this 
temperature for the calculation. 

Then 

A = 25,775 cals. 


'A = 


- RT In 


(C3H,)(H,) 

(CsHs) 


Substituting the proper values, we find the equilibrium partial pressure of 
propylene at 300°C. to be 1.3 X 10“‘ atmospheres. This small concen- 
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t ration should scarcely affect the results at even the higher temperatures. 
The factor involving the addition of chlorine to propylene, formed by the 
pyrolysis of propane, may then be disregarded. 

An examination of the graphs giving the results of the catalytic reaction 
shows the difficulty of obtaining uniform results. Only the runs having a 
high partial pressure of propane will give a uniform curve. This is due to 
two effects: first, the high chlorine partial pressure causes the production 

TABLE 4 

Chlorination of propane using CuCb-SiO* catalyst 


5 minutes duration. Total rate of flow 10 liters per hour. CaHsrCL = 2:1 


TEMPICRATURE 

C»H« 

UNUSED 

Cl, 

UNfTRED 

Cl, 

USED 

Cl, 

HUN IN 

PER CENT Cl, 
ITRED 

•c. 

107 

547 

258 


258 


146 

533 

242 

14 

256 

5 5 

222 

485 

15 

256 

271 

94 3 

158 

542 

227 

37 

264 

14 0 

173 

591 

210 

68 

278 

24 5 

187 

529 

175 

96 

271 

35 4 

205 

492 

118 

141 

259 

54.4 

221 

500 

63 

207 

270 

76 7 

226 

470 

5 

287 

292 

98 2 

156 

541 

242 

34 

276 

12 3 

173 

532 

217 

37 

254 

14 6 

196 

514 

139 

108 

247 

43 7 

222 

498 

57 i 

203 

260 

78 0 

163 

538 

231 

41 

272 

15 1 

210 

498 

80 

172 

252 

68 2 

229 

468 

4 

291 

295 

98 5 

240 

ia5 

4 

284 

288 

98 5 

216 

480 

27 

246 

273 

90 0 

240 

465 

5 

303 

308 

98 2 

256 

452 

4 

287 

291 

98 5 

270 

450 


301 

301 

100 0 

224 

477 

61 

195 

256 

76 2 

260 

1 452 

8 

1 258 

266 

96 8 

260 

448 

1 1 

! 293 

294 

99 8 

223 


115 

1 147 

262 

56 0 

129 

565 

270 

1 

280 

3 6 


of relatively large amounts of the higher chlorinated propanes which act as 
poisons, and second, the occurrence of a new phenomenon which we have 
called catalytic hysteresis (to be mentioned later). If a poisoning of the 
w^all in the empty chamber reaction had an apprtpiablc effect on the reac¬ 
tion, certainly such a powerful adsorbent as silica gel, with its enormous 
surface, should greatly affect the rate of the reaction. 

In order to calculate the heat of activation, a series of runs is chosen 
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having a high partial pressure of propane, as the results are fairly uniform 
under these conditions. Using the data in figure 2 (table 4), the ratio of 
the velocity constants is equal to 2 in the temperature range 168®C. 
to 192®C. 


ki~ R TiTi 

„ _ RTiTi In h/h 
“ “ Tt- 

2 X 465 X 441 X In 2 
465 - 441 

= 11,900 calories per mole (CuClj • SiO* 

catalyst) 




Fig. 3. ChiiOrination of Propane Using CuCl,-SiO, Catalyst and a Rate op 
Flow op Ten Liters per Hour 
CaH,:Cl, - 1:2 

Fig. 4. Chlorination op Propane Using CuClj-SiO, Catalyst and a Rate op 
Flow op Twenty Liters per Hour 
C,H,:C1, - 1:1 


The heat of activation is almost half of that calculated for the empty 
chamber results. Not only is the heat of activation less in the catal 3 rtic 
reaction, but an examination of corresponding data will show a greater 
extent of chlorination at a given temperature and a given rate of flow when 
the contact agent is present. 

The heats of activation for the copperized gel catalyst and the aluminum 
oxide catalyst were calculated smd found to be 14,400 and 12,900 calories 
per mole, respectively. The data from the copperized gel (see table 3) 
were taken when the partial pressures of the reactants were equal. In 
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these catalytic reactions, very little change in rate was detected when the 
partial pressures of the reactants were varied. 

Figure 4 gives a good example of the effect of poisoning on the catalyst. 
The continuous curve represents one series of successive runs. The nega¬ 
tive temperature coefficient of reaction is shown here just as in the empty 
chamber runs. In order to prove that this effect was due to poisoning, the 
catalyst was used for some time and another series of runs was made. The 
results followed the broken line curve, which makes a normal uniform 
chlorination curve with the upper part of the original curve. After the 
contact agent had been completely poisoned or when it had reached a 
steady state of activity, no abnormalities were noticed. 

MECHANISM OF THE CATALYTIC REACTION 

Cupric chloride at higher temperatures dissociates ( 4 ) and gives off free 
chlorine. This chlorine is probably in the atomic form when first liberated. 

CuCh + heat CuCl + Cl 

Such a contact mass should be a good agent for the production of chlorine 
atoms with this possible mechanism. 

CuCl + CI2 CuCb + Cl 

CuCb + heat CuCl + Cl, etc. 

These chlorinations may initiate chains just as in the mechanism postu¬ 
lated for the gas phase chlorination. 

C.,H8 + Cl + HCI 

CaH- + CU CsHtCI + Cl, etc. 

It may be that the free propyl radicals also combine with chlorine atom.s on 
the surface: 

CsH, + Cl CsHjCl 

Cuprous chloride has the property of combining with hydrogen chloride 
to give a complex. 

CuCl + HCI HCuCl* 

This property of cuprous chloride should make it a good catalyst for 
chlorination, as it aids in the removal of the hydrogen chloride. We may 
represent the reaction at the surface as follows: 

CuCU + heat —» CuCl + Cl 
CuCl + Cl + CaHs HCuCb + C3H7 
HCuCls + heat CuCl + HCI 

CuCl + Ch CuCls + Cl 

Cl + CjHj a^HrCl 
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Since some of the chlorination takes place in the gas phase, both the gas 
phase and surface mechanism would take place simultaneously. The 
quantitative extent of the two processes has not been determined. 

CATALYTIC HYSTEBESI8 

A new and peculiar effect occurred in the catalsrtic runs using partial 
pressures of chlorine of 0.6 atmosphere or over. Starting a series of runs at 
a low temperature and going up the temperature scale gave a curve that 
was quite normal up to the point where all the chlorine had reacted. In 
dropping the temperature, the points did not fall along the curve obtained 
with a successively rising temperature. One hundred per cent of the 
chlorine continued to be used as the temperature in the reaction chamber 
was dropped to as low a point as 140°C. The series of points at 100 per 
cent on figure 3 illustrate this phenomenon. Figure 5 gives a typical 
hysteresis curve with the points numbered in the order in which the deter¬ 
minations were made. 

The possibility of hysteresis at lower conversions than 100 per cent was 
tested, but in each case, on lowering the temperature, the points followed 
the original curve. It seemed necessary to carry the reaction to 100 per 
cent conversion before this reaction inertia set in. 

A freshly activated catalyst produced this effect with greater ease than 
one that had been used for some time. In two cases, with extremely active 
catalysts, the catalytic hysteresis set in between 170®C. and 190®C. This 
was at a much lower temperature than usual. 

An examination of the figure showing this effect indicates 100 per cent 
conversion where the normal conversion at the same temperature would be 
around 5 per cent. Equilibrium had been established at the lower temper¬ 
atures, as runs made over a period of two or three hours gave constant 
results. The hysteresis effect remained as long as five hours after its 
inception, this period of time being certainly suflScient for the attainment 
of equilibrium. The temperature indicated by the thermometer was 
correct, as the thermometer well went to the center of the contact mass. 

One of the possible explanations advanced for this phenomenon was 
briefly this: chlorination at a low temperature permits the adsorption of 
chloropropanes (not so strongly adsorbed at higher temperatures) which 
poison the catalyst. Higher temperatures favor the activation of the 
catalyst by removing the adsorbed products. This autoactivation en¬ 
hances the activity of the contact mass, thereby producing a high percent¬ 
age of chlorination. 

To test this possible theory, nitrogen was passed over the catalyst at 
300®C. to activate it thoroughly. The temperature was then dropped to 
140®C. and the reactants passed through the reaction zone. If the theory 
was correct, 100 per cent chlorination should be the result, but such was 
not the case. A second explanation was advanced, which involved the 
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origin of the heat of activation. This energy is derived from two sources: 
the heat of reaction and the heat of the electric furnace. 

//furnace “f" //reaction ~ -/'activation “f" //iobsos 

At the beginning of a series of runs the extent of reaction is such that 
H r + H rIS insufficient to activate all of the molecules. As soon as there 
is energy enough to activate all of the molecules, there will be 100 per cent 
conversion. Once this condition is attained, Up + Hr is more than 
enough to activate all of the molecules, and even though H p is decreased 
(the temperature dropped), all of the molecules will still be activated. A 
point will be reached when the two sides of the equation will be exactly 
equal. Any decrease in temperature beyond this point will decrease the 
heat resulting from reaction (Hr) as well as Hf, which in turn means 



0 «0 120 1M 240 JOO ISO ISO 210 240 270 JOO 
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Fig. 5 Fig. 6 

Fig. 5. A Typical Hysteresis Curve 

Fig. 6. Relationship between Amount of Hydrogen Chloride Split and the 

Temperature 

that the energy available for activation is cut. These two factors H r 
and E A will alfect one another progressively, and there should be a sudden 
drop in the extent of chlorination. 

The question arises as to why this effect does not take place in the homo¬ 
geneous reaction. In all probability it does, but to such a small extent, 
because of the small surface involved, that it has not been detected. In 
addition, the heat of activation of the catalytic reaction is almost half of 
that of the gas phase reaction. 

PYROLYSIS OF PROPYL CHLORIDES 

Hurd (3) gives many examples of the pyrolysis of the alkyl halides. No 
mention of the propyl chlorides is made, but Aronstein ( 1 ) studied the 
effect of heat on w-propyl bromide. At 280 ®C. this compound rearranged 
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into the iso-form. Such a behavior might involve the splitting out of 
hydrogen bromide. A similar behavior would be expected in the case of 
propyl chlorides. 

The catalytic hysteresis offered an excellent means of studying this 
pyrolysis. It had been postulated that secondary chlorination of paraffins 
having two or more carbon atoms could take place in two ways. The first 
method was by direct substitution. 

RCHsCHjCl + Cls -4 RCHCl -CHaCl + HCl 
and the second by psnrolysis followed by addition: 

RCHCl-CH, 

or + heat RCH^CH* + HCl 
RCHj-CHsCl 

R • CH=CHj + CU RCHCl • CH 2 CI 

Both of these mechanisms give the same final products, and there would be 
no way of determining the ratio of the two processes. The equation for the 
first mechanism gives the more symmetrical chloropropane, but it would 
have been possible to attach the second chlorine atom to the terminal 
carbon. In such a case the product obtained by the two mechanisms would 
not have been the same. The analysis of products of chlorination showing 
relatively high quantities of the 1,2-dichloro compounds might indicate the 
pyrolytic mechanism of secondary chlorination but would not definitely 
prove it. 

In a normal chlorination, one molecule of hydrogen chloride is formed for 
each chlorine molecule used, regardless of the mechanism of clilorination. 
This supposition is the basis of the calculations for obtaining the per cent 
of chlorine used in this research. The unused chlorine and the hydrogen 
chloride formed during chlorination were passed through a solution of 
potassium iodide. After removing this solution from the absorption 
chambers it was progressively titrated with standard thiosulfate and 
potassium hydroxide. 

(cc. Na^SjOj) X normality factor X 11.2 = cc. CU unused 
(cc. KOH) X normality factor X 22.4 = cc. CI 2 used 

The sum of these two quantities W’ill give the total chlorine admitted into 
the system. This should agree with the setting of the chlorine flowmeter, 
if the reaction is behaving in a normal manner. 

Once the reaction reaches the stage where all the chlorine is used, the 
effect of the hydrogen chloride split will be noticed, as there is no excess 
chlorine to satisfy the unsaturation of the substituted and unsubstituted 
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propylenes. At this point, the calculated chlorine input (from chemical 
data) will be higher than that indicated by the flowmeter. 

RCH 2 CH 2 CI + heat IICH=CH 2 + HCl 

When such a process takes place and the unsaturated compound formed is 
not saturated by the addition of chlorine, two molecules of hydrogen 
chloride will be formed for each chlorine molecule used. The product 
collected should have unsaturated compounds present. The difference 
between the calculated chlorine input and that indicated by the flowmeter 
should give a measure of the hydrogen chloride split. 

The hysteresis effect enables us to go to lower temperatures while still 
retaining 100 per cent chlorine used, which in turn allows a study of the 
relationship between the amount of hydrogen chloride split and the tem¬ 
perature. A regular decrease in pyrolysis would be expected with a 
decrease in temperature. This was actually the case, as is illustrated by 
figure 6 (see table 5). 

TABLE 5 


Chlorination of 'propane using CuCL'SiO? catalyst 
5 minutes duration. Total rate of flow 10 liters per hour. CsHsrCU = 1:1 


TEMP HATURB 

CiHs 

L'NIBED 

CI 2 

t'NUSED 

Ch 

UBBD 

Ch 

Rl N IN 

PER CENT Ch 
USED 

240 

256 

1 

527 

528 

99 9 

218 

212 


469 

469 

100 0 

174 

195 


418 

418 

100 0 

282 

250 


572 

572 

100 0 


Since this elimination of hydrogen chloride takes place when the chlorine 
used is not 100 per cent, we have a rough way of estimating the extent of 
chlorination due to the addition of chlorine to the unsaturated compounds. 
For instance, at 200®C. the per cent of hydrogen chloride split out of the 
chlorinated propanes would be roughly the same if there was an excess of 
chlorine gas or if the hysteresis was present. It would be expected then 
that the amount of 1,2-dichloropropane formed when an excess of chlorine 
was present would be measured by the extent of the hydrogen chloride 
split under hysteresis. This is, of course, supposing that every molecule 
which has had hydrogen chloride removed, remains as such and does not 
add either hydrogen chloride or chlorine at the double bond. The figure 
shows that secondary chlorination by the pyrolytic mechanism is quite 
appreciable at the higher temperatures. It might well be that most of the 
secondary chlorination takes place by this process. 
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Cuprous chloride can combine with hydrogen chloride to form a complex: 
CuCl + HCI HCuCh 

This should favor its catalytic property for the removal of hydrogen 
chloride from a compound. 


COUPLING REACTION 

Evidence of coupling reactions has been obtained by the analysis of 
products from chlorinations. Any discrepancy between the calculated 
and flowmeter input when an excess of chlorine was present should indicate 
a coupling reaction. 

RCH2CI + CH3R RCH2 .CH2R + HCI 

In this way some of the chlorine molecules would give two molecules of 
hydrogen chloride instead of one as in a normal chlorination. A few runs 
were made which brought out this coupling reaction. In all the cases there 
was an excess of chlorine in the exit gases, but the calculated chlorine input 
exceeds the value indicated by the flowmeter. The catalyst was always 
poisoned by use, reducing its ability to remove hydrogen chloride from the 
propyl chlorides. The temperature of reaction was high (324°C.). The 
formation of free radicals would be favored by such a condition and the 
possibility of coupling taking place was increased. 

PRODUCT 

The product obtained from the catalytic runs was more highly chlorinated 
than the chloropropanes resulting from the gas phase reaction. A high 
partial pressure of propane favored the production of the lower chloro 
derivatives. 1,2-Dichloropropane was found in relatively large amounts 
in all of the samples collected. This would indicate that a large amount of 
the secondary chlorination takes place by the addition of chlorine to pro¬ 
pylene formed by the pyrolysis of monopropyl chloride. The product 
collected at low temperatures during hysteresis showed a lower chlorine 
content than the higher temperature runs under the same conditions. 
Under the conditions studied, no orientation tendency was shown by the 
catalysts towards the chlorination. 

In all cases in which there was 100 per cent chlorine used, the product 
had a peculiar pungent odor that was not characteristic of saturated chloro- 
hydrocarbons. Along with this peculiarity in odor, etc., it was found that 
the composite samples were unsaturated, as was shown by their bromine 
adsorption. 

SUMMARY 

1. The catal 3 rtic reaction of propane with chlorine has been studied under 
various conditions. 
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2. A mechanism for the reaction has been postulated. 

3. Heats of activation were calculated for the three catalysts used. 

4. High partial pressures of chlorine tend to poison the catalyst. 

5. A “hysteresis effect^’ was found and an explanation postulated. 

6. Secondary chlorination in part was shown to be due to the addition 
of chlorine to propylene formed by the pyrolysis of propyl chlorides. 

7. A coupling reaction was shown to be present. 

8. High chlorine partial pressures, high temperatures, and high rates of 
flow all favored the formation of more highly chlorinated products. 

9. A relatively large per cent of 1,2-dichloropropane in the products 
supported the statement made in 6. 

10. Unsaturation was found in all products collected when the chlorine 
used was 100 per cent. 
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Sugden (9), in deriving the atomic parachor of aluminum from measure¬ 
ments on the acetylacetonate, propionylacetonate, and bromide, found it 
necessary to formulate these compounds with singlet linkages (i.e., one- 
electron valency bonds) in order to obtain reasonable values for the para¬ 
chor of aluminum, each singlet linkage decreasing the observed parachor 
by 11.6 units. No measurements have been made on simple compounds of 
aluminum. In the case of thallium the singlet linkage formulation of 
analogous compounds has been supported by measurements on the ethox- 
ide, nitrate, formate, and acetate, because both types gave the same value 
for the parachor of thallium, provided that the chelated compounds were 
assigned a singlet linkage formulation. The force of this argument was, 
however, diminished by the demonstration (7) that thallium ethoxide is a 
fourfold polymer, while the chelated ethyl acetoacetate is bimolecular. 
Since the parachor of aluminum has not been obtained from simple un¬ 
chelated compounds, work was commenced on the alkyl oxides of alumi¬ 
num, a group of liquids and low-melting solids, but it was found that these 
compounds are by no means simple in structure. Nevertheless, a number 
of points of interest have been noted which are worthy of record. 

EXPERIMENTAL 

Alumino acetylacetonate, prepared by Sugden's method (9) for the 
propionylacetonate, melted at 192°C. after recrystallization from alcohol 
and benzene. Density determinations were made in a U-shaped pyknom- 
eter (8), and surface tensions were estimated by the double capillary 
method. The method was checked frequently by determinations on 
standard liquids. 


T 

y 

D 

P 

•c. 


1 


195 

20.17 


686.5 

210 

18.74 


686.8 

220 

17.92 

1 0.976 1 

683 6 


Mean P « 682.9, whence Pai = 43.9 
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Alumino ethyl acetoacetate was prepared by adding the ester to aluminum 
under petroleum ether, the aluminum being activated by the method of 
Wislicenus and Kaufman (12). Reaction proceeded for an hour without 
warming, sdelding a pale green viscous oil, b.p. 190-200®C. at 11 mm., 
which solidified in the presence of petroleum ether; after recrystallization 
from this solvent the substance melted at 78-79®C. 


T ' 

y 

D 

P 

“C. 

80 

27.20 

1.101 

859.0 

95 


1 088 

857.6 

110 

24.32 

1.074 

857.0 

125 

23.00 

1.059 

856.5 

140 

21.60 

1.042 

857.0 


Mean P = 867.4, whence Pai = 41.4 


Alumino diethyl malonate was prepared by the prolonged heating of 
aluminum and mercuric chloride with malonic ester. The petroleum ether 
extract deposited white crystals melting at 95-96°C. after several recrystaJ- 
lizations from petroleum ether. 


T 

y 

D 

P 

•C. 




100 

24.02 

1.084 


120 

22 13 

1.064 

1029 

140 

20.62 

1.047 

1027 


Mean P =■ 1029, whence Pai “ 36.0 


Chromium acetylacetonaie. Equivalent quantities of chromium sulfate 
and acetylacetone were mixed in aqueous solution, and the chromium was 
precipitated by ammonium hydroxide. After forty-eight hours the 
acetylacetonate crystallized in red needles which were extracted with 
benzene; the benzene layer was dried and evaporated. The acetylaceto¬ 
nate was then purified by sublimation in vacuo-, it melted at 212“C. 


T 

y 

D 

P 

•c. 




213 

21.24 

1.072 

699 5 

225 


1.059 

699.2 

240 

18.92 

1.042 

698.8 


Mean P >» 699.2, whence Pcr •• 60.2 
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Aluminum alkyl oxides were prepared by the method of Tistschenko (11) 
and purified by distillation under reduced pressure. As the whole prepa¬ 
ration always distilled over approximately a five-degree range with very 
small head and tail fractions, no special precautions were taken for frac¬ 
tionation, the material being evidently homogeneous. Parachor deter¬ 
minations were made on a redistilled middle fraction. Obtained in this 
way the oxides were viscous liquids or white non-crystalline solids with ill- 
defined melting points, often exhibiting marked supercooling, the extreme 
case being the isopropoxide, m.p. 118°C., which has been supercooled to 
— 20®C. without solidification. Analyses were made by dissolving the 
oxides in acid, and precipitating and weighing the alumina in the usual 
manner. Analysis was also attempted by evaporation of the oxide with 
water and ignition of the resulting alumina, but this method invariably 
gave high results, c.g., the butoxide gave 11.60 and 11.29 per cent A1 
(calculated, 10.95 per cent). The same peculiarity is to be found in the 
analyses of Gladstone and Tribe (3), although no reference was made to it. 
The error may be associated with the difficulty of completely dehydrating 
the very granular alumina produced in this way, although ignition over a 
blow-pipe yielded no better results, or with the formation of a stable 
carbon-nitrogen compound of the cyanamide type. Whatever the cause, 
it is worth while emphasizing the error. No difficulty was encountered 
in the acid treatment. 

Ahminum ethoxide distilled at 210-214®C. at 13 mm. and melted at 
146-151°C. Analysis gave 16.78 and 16.70 per cent of aluminum; the calcu¬ 
lated value is 16.63 per cent. Molecular weight in naphthalene: 631. 
Calculated molecular weight for [Al(OEt) 3 ] 4 : 648. 


T 

7 

D 

P 





150 

13 98 

0 919 

341 0 

165 

13 11 

0 904 

340 9 

180 

12 24 

0 890 

340.6 

Mean value of P . 

340 8 


A redetermination on another sample gave mean value of P = 341.5. 

Aluminum n-propoxide distilled at 271-275°C. at 14 mm. and melted at 
106~108°C. Analysis gave 13.30 per cent of aluminum; the calculated 
value is 13.21 per cent. Molecular weight in naphthalene: 865. Calcu¬ 
lated molecular weight for [Al(OPr) 3 ] 4 : 816. 
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D 

P 
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110 

19.18 

0.957 

445.9 

130 

17.92 

0.938 

447.4 

160 

16.66 

0.921 

447.5 

Mean value of P. 

446.9 



Aluminum isopropoxide distilled at 151-153®C. at 15 mm. and melted 
at 118®C. Analysis gave 13.20 per cent of aluminum. Molecular weight 
in naphthalene: 775. Calculated molecular weight for [Al(OPr)s] 4 : 816. 


T 

y 

D 

P 

^C. 




60 

20 28 

0.944 

458 6 

80 

18.84 

0 926 

459.1 

100 

17.04 

0 904 

458.3 

120 

15 68 

1 0 881 

460.5 

Mean value of P. 

459.1 




Aluminum n-butoxide distilled at 274-278°C. at 9 mm. and melted at 
102-106®C. Analysis gave 10.98 per cent of aluminum; the calculated 
value is 10.95 per cent. Molecular weight in’ naphthalene: 968. Calcu¬ 
lated molecular weight for [Al(OBu) 8 ] 4 : 984. Molecular weight by boiling, 
point in benzene: 1050. Molecular weight by boiling point in n-butyl 
alcohol: 1025. Electrical conductivity in 7i-butyl alcohol (1 g. in 50 cc.) 
< 4 X 10“‘ mhos. 


T 

7 

D 

P 

•C. 




80 

20 48 

0 925 

565 4 

100 

19.11 

0.909 

565.7 

120 

17.69 

0.893 

565.2 

140 

16.33 

0.875 

565.0 

Mean value of P. 

565.3 




Aluminum isohutoxide distilled at 248-250®C. at 11 mm. and melted at 
208-210°C. It exhibited no supercooling. Analysis gave 11.05 per cent 
of aliuninum. Molecular weight in naphthalene: 968. 
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T 

7 

D 

P 

•c. 




209 

11 84 

0 827 

551 7 

217 

11 52 

0 819 

553 3 

Mean value of P. 

552 5 


Owing to the high melting point and viscosity and the consequent diffi¬ 
culty of making parachor determinations, great reliance cannot be placed 
on this result. 

Aluminum sec-butoxide distilled at 174-176®C. at 5 mm. It did not 
solidify even after standing for two months. Analysis gave 10.94 per cent 
of aluminum. Molecular weight by boiling point in benzene: 994. 


T 

7 

D 

P 

•c. 




50 

23 19 

0 937 i 

576 4 

70 

21 49 

0 917 

577 5 

90 

19 96 

0 894 

581 7 

no 

18 10 

0 868 

584 8 

Mean value of P. . 

580 1 


Antimony ethoxide was prepared by the interaction of antimony trichlo¬ 
ride and sodium ethoxide in absolute alcohol. It distilled smoothly at 
99.5®C. at 13 mm. or 95®C. at 11 mm., without any sign of ebullition, to a 
colorless liquid. Molecular weight in naphthalene: 302. Calculated 
molecular weight for Sb(OEt) 3 : 257. 


T 

7 

D 

P 

•C. 




17 

28 36 

1 524 

389 0 

37 

26 58 

1 490 

391 2 

57 

24 77 

1 455 

393 6 

77 

23,16 

1 420 

396 7 

130 

17 66 

1 328 

396 4 

150 

16 18 

1 295 

397 4 

170 

14 53 

1 262 

397.3 

190 

12 87 

1 229 

395 9 

Mean value of P (77-190°C.). 

396.7 
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DISCUSSION 

The unsuitability of the alkyl oxides as a means of determining the 
parachor of aluminum {vide infra) necessitates the tentative acceptance of 
the value derived from chelated compounds. This has now been confirmed 
by measurements on the aeetylacetonate and new measurements on the 
ethyl acetoacetate and the diethylmalonate, from which, assigning singlet 
linkage formulations to these compounds, values of 43.9, 41.4, and 36.0, 
respectively, are obtained for the parachor of aluminum. The latter value 
Is probably somewhat erroneous because it is derived from a large molecular 
parachor, but taking the mean of these three values together with the throe 
values of the parachor given by Sugden (9), a figure of 39.6 results for the 
parachor of aluminum. 

This value may be checked by taking the parachor of chromium as 53.7 
from the data for chromyl chloride (2) and comparing the acetylacetonates 
of chromium and aluminum which are found to differ in their parachors by 

TABLE 1 


Comparison between observed parachors of alkyl oxides and those calculated for the 

formula, Al(OR), 


OXIDE 

P 

(OBSBRVSD) 

P * 

(calculated) 

ANOMALY 

Ethoxide. ... . 

340 8 

384.8 

-44 0 

n-Propoxide. . 

446 6 

501.8 

-55 2 

Isopropoxide. 

459.1 

501 8 

-42 7 

n-Butoxide. 

565 3 

618 8 

-53 5 

Isobutoxide . .. ... 

552 5 

618 8 

-66 3 

«ec-Butoxide. 

580 1 

618 8 

-38 7 


10.3 units. It then follows that the parachor of aluminum is 37.4. Tliis 
fixes the order of the atomic parachor independent of the validity of the 
singlet linkage formulation of the aeetylacetonate. 

Assuming the value of 39.5 for the parachor of aluminum obtained with 
the aid of singlet linkage formulations, a comparison can be made between 
the observed parachors of the alkyl oxides and those calculated for the 
simple formula, Al(OR)8, as shown in table 1. 

The hypothesis that the liquids have an angle of contact which would 
reduce the apparent surface tension can be shown to be an inadequate 
explanation, since an angle of contact of at least 60° would be necessary to 
account for the anomalies and such an angle would have been easily 
detected in the microscope. In every case the meniscus was normal. 

Molecular weight determinations from the freezing point of naphthalene 
solutions and the boiling point of benzene and ?i-butyl alcohol solutions 
showed that the molecules are polymerized fourfold in solution, and since 
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the parachor was constant over a considerable temperature range (except 
in the case of the sec-butoxide), it is probable that any polymerization 
which occurs in the pure liquid is not affected by temperature. Applica¬ 
tion of the Ramsay-Shields equation to the surface tension data favors the 
simple formula Al(OR) 3 , but the validity of this equation may be ques¬ 
tioned. It was hoped to obtain conclusive evidence on this point by a 
vapor density determination under reduced pre^ssure with the apparatus 
previously described (5), but, although excellent results could be obtained 
with other compounds, some decomposition alw^ays occurred with these 
alkyl oxides. This is remarkable in view^ of the ease wdth which the 
compounds could be distilled without decomposition, but all attempts to 
vaporize them in the Victor Meyer tube resulted in decomposition, although 
vaporization was carried out under a variety of conditions. The results, 
however, are not entirely without significance because in whatever way 
decomposition occurs, e.g., 

2Al(()Et)3 AI2O3 + SEtaO 
or 

2Al(OEt)3 AI2O3 + 3H2O + 6C2H4 

the number of molecules produced by decomposition must be larger than 
the number of alkyl oxide molecules even if these are unpolymerized. 
Thus decomposition would lower the apparent molecular weight. The 
observed molecular w^eights w^ere wdth one exception larger than those 
calculated from the simple formula, and in the single case in which agree¬ 
ment was obtained it was apparent that considerable decomposition had 
occurred. Vapor density determinations therefore show that polymeriza¬ 
tion occurs, but afford no estimate of the dcgriie of polymerization. 

The balance of evidence is in favor of the formula [Al(OR) 3 ] 4 , in which 
case the compounds are analogous to the thallous alkyl oxides which Sidg- 
wick and Sutton (7) have showm to be tetramolccular in alcohol and 
benzene solution but which, surprisingly, give a normal value for the 
parachor of thallium (9). The parachor anomaly of the aluminum alkyl 
oxides is paralleled to a lesser extent in antimony ethoxide, wdiich presents 
the phenomenon of an increasing parachor at low temperatures (presum¬ 
ably due to slight polymerization), followx'd by a constant parachor at 
higher temperatures. This constant parachor, which indicates complete 
depolymerization, falls short of that calculated from the known parachor 
of antimony by 14 units. Germanium ethoxide also exhibits a deficiency 
of seven units (6). Methyl and ethyl orthosilicates have parachors in¬ 
creasing with temperature (10), differences of approximately 5.3 and 6.3 
units being observed over a 54°C. range. The boron esters are normal (1). 

The formula [Al(OR) 3]4 would bring these compounds into line with the 
^^alkoxo salts” of Meerwein and Bersin (4), if [Al(OR)3]4 is written 
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Al[Al(OR) 4 l 3 , but a polar formulation is inlprobable because the aluminum 
alkyl oxides, like the “alkexo salts,” have the non-polar properties associated 
with covalent links, e.g., they melt and distil at low temperatures and the 
n-butoxide has a very small conductivity in n-butyl alcohol solution. 

By analogy with the ring structure assigned by Sidgwick and Sutton 
(7) to thallous ethoxide,’’aluminum ethoxide may be written as in formula I, 

R R 
0 R 0 

R: 0 • A1 • 6 • A1 • 0 : R 

R : 6 6 : R 

R:0*Al-0-Al*0:R 

6 R 6 
• • • • 

R R 
I 

but because of the ring structure in I the parachor anomaly must be raised 
to 45.8, and a negative anomaly of this magnitude can only be accounted 
for by four singlet linkages associated with each aluminum atom. A 
model constructed with the four aluminum bonds arranged tctrahedrally 
and the A1—0—^A1 bonds making an angle of 110® shows that a ring struc¬ 
ture of this type is practically strainless, although the eight atoms in the 
ring do not all lie in the same plane. However, although this formulation 
may be supported on steric grounds, it seems hi^y improbable that 
stability can be attained with only four electrons in the valency shell of 
each aluminum atom and five unshared electrons to each oxygen atom. 

A further difficulty is encountered in the fact that larger negative anoma¬ 
lies are found in the higher alkyl oxides of aluminum. This is not peculiar 
to this series of homologues. Thus the parachor of beryllium propionyl- 
acetonate is higher than that of the acetylacetonate by 68.6 (calculated, 
78), while the difference between the parachors of acetyl- and propionyl- 
acetone is 34.3 (calculated, 39), and that between sulfonal and trional is 
only 28.3 units. 


SUMMART 

1 . Aluminum alkyl oxides have been prepared from ethyl, w-propyl, 
isopropyl, n-butyl, isobutyl, and secondory-butyl alcohols; also prepared 
were the acetylacetonates of chromium and aluminum, alumino ethyl 
acetoacetate, alumino diethylmalonate, and antimony ethoxide. 

2 . Molecular weight determinations indicate a fourfold polymerization 
of the alkyl oxides of aluminum, which is supported qualitatively by vapor 
density measurements. 
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3. Antimony ethoxide with a normal molecular weight exhibits a para- 
chor deficiency of 14 units, deficiencies also being found in the ethoxides of 
silicon and germanium. The parachor deficiency found in the aluminum 
alkyl oxides is of a larger magnitude and varies with the nature of the 
alkyl group. The only reasonable formulation of these compounds which 
will account for these deficiencies by means of singlet linkages consists of an 
eight-membered ring with all the oxygen atoms attached to the aluminum 
atoms by singlet linkages. In this formulation the electron octets of all 
the atoms are filled with the exception of those of the aluminum atoms, 
which only possess four electrons each. 

We wish to acknowledge the valuable assistance rendered by Mr. W. S. 
Rapson, M.Sc., in the preparation of many of the compounds used in this 
investigation. 
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NOTES ON ACETYLMETHYLCARBINOL 
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The N, V. Nederlandsche Gist-cn Spiritusfabriek, Delft, Holland, has 
recently marketed acetylmcthylcarbinol or acetoin, CH3 • CO • CH(OH)CH3, 
a slightly yellow liquid which changes spontaneously into a white crystal¬ 
line polymer. The authors have to thank the above company for a sample 
of acetoin, which they have examined briefly, since the literature (1, 2, 3, 
4, 5) indicates that the polymerization is incompletely understood. 

The authors* samples of acetoin were obtained by melting or distilling 
the original solid polymer. Samples were kept at various temperatures, 
portions were withdrawn from time to time, and the refractive indexes 
were determined at 20°C.; typical results are given in tables 1 and 2. The 
initial value of n varied with the conditions of melting or distilling; the 
minimum may be 1.4175. At lOO^C. and 130®C. the acetoin became 
browner and more viscous and developed a ^‘burnt sugar** odor. Evi¬ 
dently molecular complexity (polymerization) occurs on keeping the liquid 
acetoin; the polymer howe^^er docs not accumulate in the liquid, but forms 
the solid polymer. 

Acetoin, kept in an open beaker in the air, absorbed water; fell from 
1.4186 to 1,4141 in five days. When acetoin was kept over sulfuric acid, 
the value of n rose to 1.4435 in seven days, but the acetoin volatilized into 
the acid, darkened it, and formed a substance of sharp odor. 

The densities and viscosities of acetoin kept at 30.0°C. were determined, 
and the results are given in table 2. These properties varied similarly to 
the refractive index, but to a greater degree. By extrapolation, the 
freshly distilled acetoin would have dj? = 0.9860 and = 0.0175. 
The density of acetoin is lowered (by about 9 parts in 1000) after boiling, 
i.e., depolymerization occurs on heating. 

The normal freezing point of acetoin was at — 72®C., i.e., it repeatedly 
froze and melted at this temperature. The following vapor pressures of 
acetoin were found by the static method: 162 mm. at 0®C.; 164 at lO^C.; 
168 at 20^C.; 174 at 30^C.; 183 at 40^0.; 210 at 60°C.; 256 at 80^C.; 330 at 
100®C.; 449 at 120^0.; 664 at 140'*C.; 760 at 144°C. 

At ordinary temperatures the acetoin deposited crystals of the polymer 
in from two to nine days. The polymer was slightly soluble in water, 
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methyl and ethyl alcohols, cyclohexanol, acetone, ethyl acetate, acetic 
acid, and paraldehyde, and sparingly soluble in ether, benzene, carbon 
tetrachloride, ethylene bromide, bromoform, and acetophenone. The 

TABLE 1 


The change of refractive index, wj*, of acetoin vdth time 


agb of sampls 

JO® 

BBPRACTIVl] ZNDBX, , OP SAMPLES OF ACXTOIN 

Distilled sample 
2 at ~10*C. 

Melted sample 1 
at room temper¬ 
ature 

Melted sample 2 
at 30*C 

1 

Melted san^le 3 
at 100*C. 

Melted sample 4 
at 130“Cr 

days 






0 

1.4192 

1.4178 

1.4184 

1.4186 

1 4186 

1 


1.4191 

1.4203 

1 4198 

1.4247 

2 


1.4202 

1.4199 

1.4211 

Cooled 

3 


1.4205* 

1 4202 


1 1.4278 

4 

1.4187* 

1.4207* 


1.4254 

1.4421 

5 


1.4208* 

1 4201 

1.4278 

1.4546 

6 



1 4200 

1.4312 

1 4762 

7 

1.4190* 

1.4205* 

1.4204 

1 4328 


15 



1 4200 

1.4471 


20 

1.4199* 


1.4201 




* Denotes that crystals are present in the sample. 


TABLE 2 


The change of properties of acetoin when kept at S0°C, 


i 

AGX OF BAMPLII 

MELTSD 
SAMPLE 2 

DISTILLED SAMPLE 1 

DISTILLED SAMPLE 2 


dJS" 

df.” 


jlO® 

d4« 


„J0® 

”d 

1 hr. 

0.9889 

0 9861 

0 0178 

0.9865 

0.0180 


21 hrs. 




0.9878 

0.0187 

1.4192 

21 hrs. 

0.9949 


0 0208 

0 9930 

0.0207 


26 hrs. 




0.9934 

0.0209 

1.4198 

50 hrs. 

0.9950 


0 0211 

0.9938 

0.0211 

1.4200 

4 days 



0.0212 

0.9938 

0.0211 

1 4199 

5 days 

0.9950 






6 days 


0.9944 

0.0213 

0.9939 

0.0212 

1.4201 

7 days 

0.99515 






12 days 

1 0.99515 






16 days 

0.9952 





1.4198 

29 days 






1.4205 


polsrmer was appreciably volatile at room temperatures; if it held traces of 
liquid acetoin, it liquefied and volatilized more rapidly. The pure well- 
ciystallized polymer may be kept unchanged for several months, either in 
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closed vessels or between watch-glasses. The crystals arc flat, monoclinic, 
transparent prisms, smooth and greasy to the touch, and of density 1.26. 

Many melting-point determinations were done on this polymer. The 
crystals tended to become opaque at 60-110°C., and they melted at 110- 
128°C., and in rare cases at 150—160°C.; the general melting point was about 
124°C. The crystals also sublimed rapidly at 150-160°C., and less rapidly 
at lOO^C. and lower temperatures. The melting point depended on the 
rate of heating, on the time the sample was held at a given temperature, 
and on the use of an open or closed tube; the results hint that a chemical 
change (polymer liquid) is involved. This polymer then has no simple 
or definite melting point; it passes to liquid acetoin at any temperature 
above 30°C., and perhaps at lower temperatures, in longer or shorter times. 



Fig. 1. Variation of the Properties op Acetoin with Time 
Fig. 2. Crtstals of the Fortuer of Acetoin 

By dilatometer experiments the transition temperature between the 
polymer and liquid acetoin was placed at 16°C.; but in entire absence of the 
liquid the solid was stable at higher temperatures (v.s.). 

By the cryoscopic method the polymer was found to be monomolecular 
in water, acetic acid, and paraldehyde. 

In contact ■with zinc at —10° to 0°C. acetoin became solid within twenty- 
four hours; the crystals appeared to be the same as before, and they too 
were monomolecular in the above solvents. 

Acetoin was kept by itself for eighteen days at temperatures between 
—20° and 0°C.; crystals appeared on the fourth day, and about one-third of 
the sample had crystallized at the last. These crystals, C, had the same 
form and density as the polymer, H, deposited at room temperatures. 

The authors thank Mr. Yates for the following notes and figure 2 about 
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these crystals:—“Three crystals of each substance, C and H, were sketched 
as seen under the microscope, and their angles on the clino-pinacoidal face 
were measured. All the crsrstals were practically identical; they had 
tabular habit, being very thin in the direction perpendicular to the clino- 
pinacoidal face, b; their interfacial angles were similar; the symmetry was 
monoclinic, though the departure from rhombic symmetry was only about 
1 ®. The ortho- and basal-pinacoid faces are a and c, and d is the ortho¬ 
dome face.” 
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Determinations of single potentials of cathodes against organic depolar¬ 
izers made by Hunter and Wernlund (8) as a preliminary to comparing 
electrolytic reductions of organic compounds with those carried out by 
chemical reagents showed that the order of the cathodes used, based on 
their single potentials, was essentially the same with different depolarizers. 
The present work extended these measurements using the electrodes 
platinum, nickel, gold, silver, and tin. The results obtained agree with 
those of Hunter and Wernlund and have led to a further simplification of 
the theory of depolarization values by including the idea of the “electron 
affinity^^ of the depolarizer. 

Physicists have made a very thorough study of the emission of electrons 
into gases in their work on the photoelectric effect, contact potentials, 
resonance and ionization potentials, and electron emission from hot bodies. 
They have made it clear that the ernisvsion of electrons by metals into gases 
involves the performance of wx)rk, and that the w^ork required is different 
for each metal and Ls greatly influenced by the nature of the gas surround¬ 
ing the emitting surface. It is thus certain that their values found for the 
work function can not be transferred without change to aqueous solutions, 
but it is equally certain that the idea of the work function should be used 
in a study on organic depolarizers. 

When an electrode with no current flowing is placed in a solution contain¬ 
ing a depolarizer, wiiich may be defined as anything w hose i)reserice causes 
a cathode to become more positive against a solution than it w’as before the 
material was added, electrons will be removed from the electrode by the 
depolarizer. This will result in a continuous and usually rapid increase in 
the positiveness of the electrode until equilibrium is reached. The single 
potential of the cathode with the current turned on passes through a 
minimum “positive^^ value, owing to the fact that w^hen a depolarizer 
molecule takes an electron from the metal it then unites with a hydrogen 

^ This article is based upon the thesis of L, F. Stone, submitted to the Graduate 
School of the University of Minnesota in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy, June, 1927. The manuscript was prepared 
by the junior author after the death of Dr. Hunter in 1931.—L, I. Smith. 
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ion, thus producing a change in the ratio of the depolarizer to its reduction 
product and resulting in a gradual increase in the potential. 

The magnitude of the increased positiveness obtained with any one 
depolarizer will depend to a large extent on the work required to remove 
electrons from that cathode or on the work function under the conditions 
of the experiment. Other effects will have an influence on the actual 
value of the single potential, but in general their magnitude will be small 
and will be of the same order with any one depolarizer except insofar as the 



Fig. 1. Single Potentials or Cathodes against Different Depolarizers 

effects are due to the electrode material. Thus the value of the single 
potential of a cathode in contact with a given depolarizer will be largely 
dependent on the work function of that electrode and will therefore vary 
with different metals. As shown in figure 1 the values of the single poten¬ 
tials of the cathodes in contact with a given depolarizer, such as quinone, 
become more negative in the following order; platinum, gold, silver, 
nickel, and tin. The values of the work function of these electrodes, under 
the conditions of our experiments, increase in the same order. 
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The values of the single potentials of nickel and tin are often complicated, 
owing to the fact that in the presence of some depolarizers these cathodes 
become sufficiently positive to send their ions into solution. When a tin 
electrode, for example, is placed in a depolarizer solution, some of the 
electrons will be removed and the force holding the tin ions in the metal 
therefore becomes less. As the normal potential of the electrode is ap¬ 
proached, this force is overcome and metal ions enter the solution. The 
potential will then remain close to the value of the normal potential for 
tin, the actual value depending on the number of ions sent into the solution 
as well as on the depolarizer and its reduction products. Solution of metal 
ions will occur with any electrode that is in contact with a depolarizer that 
has a sufficient force of attraction for electrons, or “electron affinity,” 
to reduce the potential of the electrode to its normal potential against its 
own ions. The effect of the work function thus appears to be masked to 
some extent in these cases, owing to the introduction of a new depolarizer,— 
the metal ion. 

In determining the single potential of a cathode against various depolar¬ 
izers it will be found that some of the latter decrease the potential very 
slightly, while with others the effect is very marked. Every depolarizer 
will have a definite potential with a given cathode, and that position will be 
determined by the electron affinity of that depolarizer. It is well known 
that the potential of a pure substance has an infinite value and will not 
give the “definite potential” noted above except when a finite quantity of 
the reduced material is also present, and the value under these conditions 
will be dependent upon the ratio of the concentration of the depolarizer to 
its reduction product. 

The value of the electron affinity of any one depolarizer depends on two 
parts of the molecule: the “characteristic group,” which is that part of the 
compound that takes up electrons from the cathode, and the rest of the 
depolarizer molecule. Different groups vary considerably in their force 
of attraction for electrons, while the rest of the compound has very little 
effect on the single potential and probably exerts its influence only through 
the characteristic group. The difference between the single potentials of 
nitrobenzene and nitrosobenzene, for example, would be much larger than 
that between nitrobenzene and m-nitroaniline. 

Although the actual values of electron affinity can not be determined, 
we believe that relative values for different depolarizers can bo deduced 
from a study of the data obtained in our experiments. The values of the 
single potentials obtained in our work with different depolarizers against 
the cathodes platinum, gold, silver, nickel, and tin are given in figures 1 
and 2. The values of the single potentials of several of the depolarizers 
against platinum, given in figure 2, were obtained from data given by other 
investigators. The single potential values of formaldehyde, acetaldehyde, 
pyridine, and acetone were obtained from the work carried out by Hunter 
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and Wernlund (8) under conditions identical with those of the present work. 
The values for 1“ Ij (solid) given by Thompson (11) and those for OH“, 
0*; Br~, Brs (liquid); Cl“, Cl* (gas); and F“ F* (gas) given by MacDougall 
(9) were obtained in studies in which there was no external dectromotive 
force impressed on the cell, and are therefore slightly more positive J^han 
they would be under the conditions of our experiments. 




Fio. 2. Single Potentials of Platinum against Diffbeent Depolaeizbbs 

In figure 1 it may be seen that the depolarizers tested against gold, in 
the order of decreasing positiveness of single potential, are as follows: 
quinone; ferro-ferri; m>nitroaniline; azobenzenesulfonic acid; and hydrogen 
ion. On the basis of our theory the relative values of the electron affinity 
of these depolarizers decrease in the same order. This order of the depolar¬ 
izers is the same as that obtained on the other electrodes with the exception 



STUDIES ON ORGANIC DEPOLARIZERS 


1143 


of three points. In these cases the difference in the values is very small 
and may well be due to other effects not considered by us. 

Assuming that all cations present in a catholyte may be considered as 
depolarizers brings the concept of hydrogen overvoltage into accord with 
our general picture of cathodic action. Thus, the single potential of 
quinone against the cathodes tested becomes more negative in the order: 
platinum, gold, silver, nickel, and tin. This is also the order of the metals 
against the hydrogen ion. In the latter case the actual value of the single 
potential on a given cathode is probably not dependent on the electron 
affinity of the depolarizer alone but also on other effects, such as adsorption 
of hydrogen into the metal and gas films. The failure of the hydrogen 
discharge point to ^^space” as well as other depolarizers as regards their 
distances on the scale of potentials given in figure 1 may well be due to these 
latter, acting not as primary causes of overvoltage but as secondary effects 
suporimi)osed on that of electron affinity. It therefore seems possible to 
speak of the overvoltage of any depolarizer as well as of hydrogen and with 
the same meaning,—the increase of potential necessary to discharge it on 
a given cathode over and above that required on platinum. 

It thus appears that the ^^electron affinity^^ of the depolarizer and the 
‘^work functiou^^ of the electrode are definite properties of the depolarizer 
and electrode, respect ively, and that it should be possible to estimate the 
single potential of a depolarizer on a given cathode when its value on 
platinum is known. Although the present work did not include the 
formulation of an ecpiation for calculating the electromotive force of a cell, 
we believe that an equation, perhaps of the Nernst type, should also in¬ 
clude other terms that are a function of the '^electron aflSnity” of the 
depolarizer and the ^^work function” of the electrode. 

EXPERIMENTAL 

Electrodes 

All electrodes were 3.8 cm. in diameter and 1.5 mm. in thickness. Gold 
electrodes made from sheet metal, 99.99 per cent pure, were plated using 
the solution given by Blum and Hogaboom (1). The silver electrode made 
from sheet silver, 99.99 per cent pure, was plated using the solution given 
by Blum and Hogaboom (2). Platinum electrodes made from sheet plati¬ 
num were plated using the bath recommended by Findlay (7). Tin elec¬ 
trodes containing 99.97 per cent tin and 0.03 per cent lead were plated using 
the solution given by Blum and Hogaboom (3). Nickel electrodes, pre¬ 
pared from electrolytic nickel, were plated using the solution recommended 
by Blum and Hogaboom (4). 

Depolarizers 

Quinone, prepared from hydroquinone by the method given by Vliet 
(12), was recrystallized from benzene and sublimed twice. A fresh 0.015 
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molar solution in 2 iV sulfuric acid was made for each run. Twenty-five 
grams of m-nitroaniline, m.p. 112.5®C. after recrystallization twice from 
water, was treated with 10 cc. of concentrated sulfuric acid to form the 
sulfate, and dissolved in 2 iV sulfuric acid to give the 0.181 molar solution 
used in the experiments. The ferrous-ferric solutions, having a ratio of 
1:1, were made from Merck’s Blue Label iron sulfates. Azobenzene- 
sulfonic acid, prepared from azobenzene, was recrystallized from water and 
dissolved in 2 JV sulfuric acid to give a 0.01 molar solution. 3,3'-Diamino- 
azoxybenzene, m.p. 146-147®C., made from 7w-nitroaniline according to the 
procedure given by Meldola and Andrews (10), was recrystallized from 
alcohol, and a 0.002 molar solution in 2 iV suifuric acid was made for use 
in the runs on platinum. 



Fig. 3. The Appaeatds 


Apparatus (see fig. 3) 

The cathode chamber of the cell was 10 cm. in height and 4.5 cm. in 
diameter, and was separated from the anode chamber by a stopcock. 
Current from the storage batteries, used to impress an external electro¬ 
motive force on the cell, was regulated by a resistance box (R) and was 
measured by a milliammeter (A). The cathode (E) was connected to a 
Leeds and Northrup type K potentiometer (P) and the cell completed by 
the calomel electrode (C), salt bridge, and capillary tube. The calomel 
electrodes, prepared from distilled mercury, fresh calomel, and a saturated 
solution of recrystallized Merck’s Blue Label potassium chloride, were 
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frequently checked against each other and showed variations of the order 
of 0.1 to 0.05 millivolt. 


Typical runs 

In method A 75 cc. of 2 iV sulfuric acid was added to the cell after all 
connections were made. A constant current of 50 milliainpercs was 
passed through the cell and readings taken, constant stirring being main¬ 
tained by means of an electrically driven glass stirrer. The stopcock 

TABLE 1 


Results obtained with the depolarizers m-nitroaniline, S,S'-diaminoazoxybemene, quin- 

hi/dronCy and hydrogen ion 


ELECTRODE MATERIAL 

DEPOLARIZER 

IN 2 JV HjS04 

METHOD 

AVERAGE 
VALUE OF Eh 
AFTER 5 
MIND TEH AT 50 
MILLIAMPERES 

AVERAGE 
VALUE OF Eh 
AT 0 MILLI- 
AMPERES 

Platinum. 

M.N.A. 

A 

0 3012+ 


Platinum. 

M.N.A. 

B 

0 2889+ 


Gold. 

M.X.A. 

A 

0 0467 


Gold. 

M.N.A. 

B 

0 0162+^ 


Silver. 

M.N.A. 

A 

0 0404+ 


Silver. 

M.N.A. 

B 

0 0272+ 


Tin. 

M.N.A. 

A 

0 2441- 


Tin. 

M.N.A. 

B 

i 0 2451“ 

0 2101“ 

Nickel. 

M.N.A. 

A 

1 0.1020+ 


Nickel. 

M.N.A. 

B 

1 0 0964+ 

0 2276^ 

Platinum. 

1 Oxy 

B 

0 0116- 


Platinum . 

Quinhy drone* 



0 6970+ 

Platinum . 

2 N HaSO^t 

B 

0 0212“ 


Gold. 

2 N H 2 SO 4 

B 

0 4752“ 


Silver. 

2 N H 2 SO 4 

B 

0 4889“ 


Tin. 

2 N H 2 SO 4 

B 

0 8642“ 


Nickel. 

2 N H*S04 

B 

0 4738“ 



* Saturated solution. 

t Data given are the average of the final, nearly constant values determined over 
a period of three to four hours. 


separating the chambers was then closed and 50 cc. of the 2 N sulfuric acid 
in the cathode chamber was replaced with 50 cc. of a depolarizer solution. 
The stopcock was then opened and readings again taken. In method B 
the depolarizer solution was added to the cell, and readings taken before 
and after turning on the current of 50 milliamperes. 

Preliminary runs indicated that the values of the single potentials of the 
electrodes in contact with the various depolarizers passed through the 
minimum “positive^' value noted above, and were becoming more negative 
very slowly, approximately five minutes after the addition of the depolar¬ 
izer, in the case of method A, and five minutes after the current of 50 



























TABLE 2 

Results obtained with the depolarizers guinonSf ferro^ferri, and 


FLBCTBODB MATBRXAL 

DBPOLARXZBR 

XN 2 jV H 28 O 4 

METHOD 

AVBRAOE 
VALUB OP Eh 
AFTER 5 
MXMUTBS AT 50 
MXLLIAMPERBS 

AYERAOB 
VALUE OP Eh 
AT 0 MILLI- 
AMPBRB8 

Platinum. 

Quinone 

B 

0.6703+ 


Gold. 

Quinone 

B 

0.6045+ 

0.7804+ 

Silver. 

Quinone 

B 

0.5925+ 

0.6481+ 

Tin*. 

Quinone 

B 

0.2363“ 

0.2063“ 

Nickel t. 

Quinone 

B 

0.3268+ 

0 3569+ 

Platinum. 

Fe++~Fe++^ 

A 

0.6197+ 

I 

Platinum. 


B 

0 6244+ 

0.6684+ 

Gold. 

Fe++-Fe+-*-+ 

A 

0 5938+ 


Gold. 

Fe++-Fe-'-"+ 

B 

0 5965+ 

0.6666+ 

Silver. 

Fe+^-Fe++^ 

A 

0.6073+ 


Silver. 

Fe'^'^'-Fe*^'^"'" 

B 

0 6159+ 

0.6604+ 

Tin*. 

Fe++-Fe-^++ 

A 

0.2488“ 


Tin*. 

Fe'+ ‘•-Fe^-^+ 

B 

0 2482“ 

0.2067“ 

Nickelt. 


A 

0 3418+ 


Nickelf. ... 

Fe++-Fe++-+ 

B 

0 3491 

0 3797+ 

Tin. 

Sn++t 

B 

0 2348- 

0 2036“ 


* A positive test for tin ions in the solution was obtained at the end of the run. 
t A positive test for nickel ions in the solution was obtained at the end of the run. 
t Molar solution of tin ions. 


TABLE 3 


Results obtained with the depolarizers azobenzenesulfonic acid and (juinone-guin^ 

hydrone 


ELECTRODE MATERIAL 

DEPOLARIZER 

XN 2 AT HsSOi 

i 

METHOD 

AVERAGE 
VALUE OP Eh 
AFTER 6 
MXNUTEB AT 50 
MILLIAMPE £B 

AYERAOB 
VALUE OP Eh 
AT 0 MILLX- 
AMPEHES 

. 

Platinum. 

Azo 

B 

0 0584+ 


Gold. 

Azo 

B 

0.2745“ 


Silver. 

Azo 

B 

0 3203” 


Tin*. 

Azo 

B 

0.5729“ 


Nickelf. 

Azo 

B 

0.3273“ 


Platinum. 

Q-QI 



0 7452+ 

Gold. 

Q-Q 



0.7433+ 

Silver. 

Q-Q 



0 6792+ 

Nickel. 

Q-Q 



0 3517+ 

Tin. 

Q-Q 



0 1994“ 


* A negative test for tin ions in the solution was obtained at the end of the run. 
t A negative test for nickel ions in the solution was obtained at the end of the run. 
t Saturated solution quinone-quinhydrone. Constant values for the platinum 
and gold electrodes were reached in about five minutes. An initial value of 0.6552 
was obtained for silver, the final constant value of 0.6792 being reached in about 
two hours. The value for the nickel electrode was not constant, probably owing 
to the complexity of the solution. The value given for the tin electrode was fairly 
constant. Tests on the solutions in contact with the latter two electrodes showed 
the presence of nickel and tin ions, respectively. 
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milliamperes was turned on, in the case of method B. All of the values 
given in the tables are based on readings taken five minutes after the start 
of the run. These readings were corrected to 25®C. and 760 mm., using 
the data given by Fales and Mudge (6). These corrected values were 
reduced to the normal hydrogen scale (Eh) by adding algebraically +0.2464, 
the value given by Clark (5) for the saturated calomel electrode, referred 
to the normal hydrogen electrode at 0®C. Although readings were taken 
to four places, the true value is not certain closer than a few millivolts when 
measurements are made during reduction. 

Tables 

The data obtained on the cathodes against the various depolarizers tested 
are given in tables 1, 2, and 3, and in figures 1 and 2. Abbreviations used 
are as follows: azo = azobenzenesulfonic acid; oxy = 3,3'-diamiuo- 
azoxybenzene; M.N.A. = m-nitroaniline; Q = quinone; Q~Q = quinone- 
quinhydrone. 

SUMMARY 

1. The single potentials of several depolarizers have been measured 
against different cathodes. 

2. The idea of the ‘‘work function^’ of electrodes has been developed as 
applied to electrolytic action, and the variation of its value with different 
metals has been explained, 

3. The “electron affinity^^ of depolarizers has been defined and its 
function discussed. 

4. A new view of “overvoltage” has been developed along the lines 
indicated by our theory. 
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The removal of undesirable constituents or the recovery of valuable 
components from solution by selective extraction with non-miscible sol¬ 
vents is a potentially important chemical engineering operation for which 
few significant quantitative data are available. In the course of experi¬ 
mental studies of the rate of extraction of acetic acid from aqueous solution 
by isopropyl ether, comprising one phase of an extensive program of in¬ 
vestigation of the rates of liquid-liquid extraction processes in progress in 
the Department of Chemical Engineering of Princeton University, it 
became necessary to have available distribution data for this system. 
Inasmuch as the literature apparently reveals no published measurements 
of this distribution equilibrium, our data on it are presented in this paper. 
As this system is the basis of a commercial process for the recovery of 
acetic acid from aqueous solution by extraction, these results are of indus¬ 
trial as well as academic interest. 

EXPERIMENTAL TECHNIQUE 

Material, '^Fhe measurements were made with purified isopropyl ether 
from the Eastman Kodak Company and with distilled water as the sol¬ 
vents, and also with technical isopropyl ether obtained directly from the 
Carbide and Carbon Chemicals Corporation and with the local tap water. 
The technical ether was dry to anhydrous copper sulfate, contained an 
acidity less than 0.01 per cent, and less than 3 per cent by weight of iso¬ 
propyl alcohol. The acetic acid was glacial (99.5 per cent) acid of the 
u.s.p. grade. 

Analytical method. Acetic acid concentrations in both water and ether 
phases were determined volumetrically by titration of 10-cc. to 25-cc. 
samples with a standard alcohol solution of sodium hydroxide. This was 
prepared by dissolving the usual purified stick caustic in 95 per cent ethyl 
alcohol, standardized against constant-boiling hydrochloric acid, and 
employed in concentrations of 0.1 N, 0.5 N, and 1.0 iV according to the 
concentration range in the system under investigation. Prior to titration 
the samples were diluted to three times the original volume to insure com- 
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plete miscibility with the titrating solution, alcohol acting as a common 
solvent. The indicator was phenolphthalein. 

Procedure. The distribution measurements were carried out by the 
ordinary laboratory method usually employed for this purpose. The two 
solvents, water and isopropyl ether, one containing a sufficient quantity of 
acetic acid to produce the final acid concentration range desired, were 
placed in 250-cc. glass-stoppered bottles. The volume of each solvent was 
usually 100 cc. In order to approach the equilibrimn from both sides and 
thus minimize possible error due to faUure to attain equilibrium, inde¬ 
pendent series of experiments were conducted with acetic acid initially in 
the water phase and in the ether phase, respectively. After sealing, the 
bottles were vigorously agitated, placed in a thermostat at 20 =t 0.5‘’C., 
and allowed to remain for a period of 170 hours with vigorous agitation at 
frequent intervals. Ten-cc. samples from each layer were analyzed for 
acid after 48 hours and 25-cc. samples at the end of 170 hours. Inasmuch 
as the analj^ of the two sets of samples checked closely, it was assumed 
that equilibrium had been attained. Precaution was taken to prevent 
evaporation of ether from the samples, these being run directly into alcohol 
in stoppered flasks. As a check, the siun of the quantities of acid found in 
each layer by the analyses was compared with the known total quantity of 
acid originally added to the system. Duplicate experiments were per¬ 
formed for the majority of concentrations. 

EXPERIMENTAL RESULTS 

The results of the measurements for various acid concentrations are 
listed in table 1. In this table equilibrium concentrations, expressed in 
gram-moles per liter of solution, for the water, C„, and ether, C„ phases are 
given in columns 1 and 2, respectively. Corresponding values of the 
apparent distribution coefficient, Dobid. = C,/C„, calculated from the 
observed concentration on the assumption that the simple ideal distribu¬ 
tion law for single undissociated molecules is obeyed, are given in column 3. 

It is evident from the data of table 1 that the ideal distribution law is 
only approximately obeyed, inasmuch as the apparent distribution coeffi¬ 
cient calculated from the ratio C,/Cu, slowly increases with total acid con¬ 
centration. This is an expected result, since one is undoubtedly not deal¬ 
ing with a single molecular species in both phases, acetic acid probably 
undergoing increasing dissociation in the aqueous phase with increasing 
dilution and association in the ether phase. 

Especially at the higher concentrations the apparent values of the coeffi¬ 
cient where the acid was initially in the ether phase are consistently some¬ 
what higher than for corresponding concentrations where the acid was 
present initially in the water phase. This apparently indicates that true 
equilibrium was not entirely attained. However, analyses of both phases 
in each experiment over a 170-hour period with frequent agitation gave no 
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further detectable change in observed concentrations; consequently, 
further possible change toward equilibrium would be infinitely slow. The 
apparent variation from true equilibrium is less significant than at first 
appears, and is probably within the limits of possible analytical error. A 
deviation in the observed concentrations from the true equilibrium values 
is multiplied twofold in the calculation of the distribution ratio, and, 
furthermore, an average error of 0.02 to 0.05 cc. in the titration value 
could account for the minor discrepancies obtained. 


TABLE 1 

Distri'butwn of atelic arid between water and isopropyl ether at 20^C, 


RQUILlBRZrUf CONCENTRATION IN ORAM-MOLES 

PER IJTER 1 

] 

1 DISTRIBUTION COEFFICIENT, D » Ce/Cv, 

Ether, 0* 

Water, Cw 

Observed 

Calculated from 
equation 3 


(a) Pure ether and distilled water 


0 0136 

0 0732 

0 185 

0 180 

0 0140* 

0 0785 

0.178 

0.180 

0 0254 

0 1450 

0.177 

0.182 

0 0560* 

0 2980 

0 188 

0 186 

0 0577 

0 3030 

0 190 

0.187 

0 1186 

0 6025 

0 196 

0.194 

0 1430* 

0 6925 

0 206 

0 197 

0 1733 

0 8900 

0 196 

0 202 

0 2290“ 

1 1070 

0 207 1 

0 208 

0 2803 

1 3600 

0 206 

0 215 

0 3200* 

1 4300 

0 228 

0 217 

0 3994 

1 7970 

0 222 

0 226 

0 6740 

2 7800 

0 242 

0 253 


(b) Technical ether and tap water 


0 0543 

0 2960 

0 200 


0.1480 

0 7720 

0 192 j 


0 2740 

1 3450 

0 232 



*In these experiments acid was added initially to the ether. 


The results with tap water and technical isopropyl ether are slightly 
higher than those for the pure solvents. This is probably to be accounted 
for mainly on the basis of the isopropyl alcohol present in the technical 
ether. 

In figure 1 is plotted the actual distribution equilibrium curve for the 
range investigated. Distribution data have usually been represented by 
an empirical equation of the form 

D' = Ce/c: 

The present equilibrium curve may be approximately represented over the 
concentration range investigated by such a parabolic equation, since a 
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satisfactory straight line is obtained in a log-log plot of C, against C,. 
The slope of this line is a = 1.09, and its intercept, D' = 0.148. Therefore 

C./Ci" = 0.148 (1) 

which equation may be employed for the approximate calculation of the 
distribution of acetic acid between water and isopropyl ether over the 
present concentration range. 

DISCUSSION 

It has been pointed out by Almquist (1) that the apparent distribution 
coefficient may frequently be expressed most accurately as a function of 




C* MOLlS/LITfR 


Fjg. 1 Fig. 2 

Fig. 1. Equiubkium Curve for the Distribution of Acetic Acid between 
Isopropyl Ether and Water 

Fig. 2. Variation of the Apparent Distribution Coefficient with Concen¬ 
tration IN THE Aqueous Phase 

O, acid added initially to the water; 3, acid added initially to the isopropyl ether. 

the concentration in the water phase by a simple linear equation of the 
form 

'^apparent ~ OefOv, = Z)f Cw -j- Dt (2) 

where D, is the slope and Z>» the intercept. Such an equation possesses 
theoretical significance and supplies an accurate and useful means of 
recording, testing, and interpolating distribution data. That the data 
for the present case conform to such an equation may be seen from figure 
2, in which a straight line results from a plot of the ratio Ce/Cu, against 
Cw The slope of this line is 0.027 and its intercept is 0.178, Hence, its 
equation is 

-^^apparent ~ C,/C^ = 0.027C'„ + 0.178 (3) 

This equation may be employed with considerable accuracy for distribu* 
tion calculations for acetic acid between water and isopropyl ether and is 
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recommended for this purpose. In column 4 of table 1 values of the 
apparent coefficient calculated from the concentrations in the water phase 
by means of equation 3 are given. Since equation 3 is based on the meas¬ 
urements approaching the equilibrium from both sides, thus representing 
average values, it is probable that the calculated values in column 4 repre¬ 
sent the true distribution ratio more accurately than do the individually 
observed values in column 3. 

Based on theoretical considerations involving the possible distribution 
and association equilibria existing in such a case and assuming no asso¬ 
ciation in the water phase, Alniquist (1) has derived, as a general theoretical 
relation for the distribution of an organic solute between water and an 
organic solvent, the equation: 

= nKiKidr' + ( 4 ) 

In this equation 

n = number of molecules in the polymer in the non-aqueous 
phase. 

Kz = = association constant in the non-aqueous 

phase, i.e., the equilibrium constant for the reaction 
nA' = a:. 

Ki = A^/A = distribution constant for single molecules between 
the two phases. 

i4' and A = concentrations of single molecules in the non-aqueous 
phase X and the water phase le, respectively. 

If the solute is mainly associated only into double molecules in the non- 
aqueous phase, then n = 2, equation 4 reduces to 

= 2A'JC|C„ + Ki (5) 

and the apparent distribution coefficient is a linear function of Since 
this is the case for acetic acid between the present solvents, it is evident 
that acetic acid is associated into double molecules in isopropyl ether over 
the concentration range investigated. In the present case the slope of 
equation 3, 0.027, is identical with 2KzK\, the slope of equation 5, and tlie 
intercept, 0.178, corresponds to A" 2 . It therefore follows that the value of 
the distribution constant for single molecules of acetic acid between water 
and isopropyl ether is = 0.178, and the v alue of the association constant 
for acetic acid in isopropyl ether is Kz = 0.43, concentrations being ex¬ 
pressed in moles per liter. 

At very low concentrations, owing to dissociation in the water phase, 
and at very high concentrations where association in the water phase may 
become appreciable, simple relations of the above form may be expected 
to be no longer valid. 

REFERENCE 

(1) Almquist: J. Phys. Chem. 37, 991 (1933). 




STUDIES ON SILICIC ACID GELS. V 


The Determination of the Hydrogen-Ion Concentration of the Gel 

Mixtures 

CHARLES B. HURD and ROBERT L. GRIFFETII 
Department of Chemistry^ Union Collegey A^chenectadijy New York 

Received January 5, 19S5 
introduction 

In a recent study in this laboratory, on the time of set of gels of silicic 
acid, Hurd and Carver (1) have emphasized the importance of the pH of 
the mixture. The quinhydrone method was used to determine the pH. 
In the special study of the effect of the pH upon the time of set of these 
gels, Hurd, Raymond, and Miller (2) have used the quinhydrone method 
also. In view of the apparent importance of this factor, we have consid¬ 
ered it essential to make a very careful study of the applicability and 
reliability of the quinhydrone method in solutions containing silicic acid. 

historical 

The determination of the pH of a solution containing colloidal material 
is always attended by a certain amount of uncertainty. When one con¬ 
siders the adsorptive powers possessed by colloidal silicic acid, any method 
for the determination of the pH may be viewed with considerable suspicion. 

The indicator method has been used by several investigators, in particu¬ 
lar Prasad and Hattiangadi (3). Their difficulties with this method were 
that the turbidity of the gel mixture caused difficulty in the determination 
of the color of the indicator. The alcohol in their indicator solution 
affected the setting of the gel. Our experiments with the indicator method 
have substantiated these results, and led us to discard the method where 
the quinhydrone method could be used, that is, in acid gel mixtures. 

The glass electrode-vacuum tube potentiometer method has been used, 
so far as we know, only to check the quinhydrone method, as mentioned 
by Hurd and Carver (1). It Avas used only in acid gels. The results by 
both methods checked satisfactorily. 

The quinhydrone method has been used in the studies made in this 
laboratory, as mentioned. Tliis method depends upon the fact that 
quinhydrone introduces equal concentrations of quinone and hydroquinone 
into the solution. If, in these gel mixtures, the colloidal material present 
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should adsorb or render inactive any appreciable quantity of either the 
quinone or the hydroquinone, the method would not yield satisfactory 
results for the pH. On the other hand, if the colloidal material should 
adsorb only a portion of the quinone and the hydroquinone, but in equi- 
molecular amounts, the method should give reliable results. Also, if the 
colloidal material should not adsorb any of the quinone or hydroquinone, 
the results should be accurate. Lastly, there is a possibility that some 
colloidal silicic acid may be adsorbed onto the platinum wire electrode and 
so cause an error in the determination. 

EXPERIMENTAL 

The method of investigation devised was as follows. Standard buffer 
solutions were prepared, using potassium acid phthalate and sodium 
hydroxide. Six different gel mixtures were prepared. The gel was washed 
free from soluble materials, namely the sodium acetate and the acid or base 
wliich is in excess. The pH of the buffer solution was determined before 
and after the addition of different amounts of a suspension of the washed 
and finely suspended gel in water. No evidence of any change in pH was 
noted. Blanks were also run, using the same volume of distilled water 
as was used of the gel suspension. No change in pH was noted. 

In each determination, 50 cc. of the buffer solution was used. Solid 
quinhydrone was added until a slight excess remained undissolved. The 
pH was measured with a Leeds and Northrup quinhydrone pH indicator 
)K 7654. A saturated calomel electrode was used. For the quinhydrone 
electrode we have used a bright platinum wire in a coil. Such an electrode 
has given us good results, and is easier to clean than the conventional gold 
wire electrode. The maximum amount of gel suspension or distilled water 
added was 20 cc. 

The preparation of a washed gel, free from electrolytes, presented con¬ 
siderable difficulty. The method of extracting lumps of the gel with dis¬ 
tilled water in several extractions was discarded as being uncertain and 
requiring too much time. Various filtration methods proved unsatis¬ 
factory. The method finally developed was as follows. The solutions of 
sodium silicate and acetic acid were mixed in a beaker and allowed to set. 
About three times the volume of distilled water was added and the gel 
broken into coarse lumps. A small, thin stirrer, driven by a very high 
speed motor, was used to break up the gel into very fine pieces and mix it 
completely with the distilled water. The gel was allowed to settle and the 
supernatant liquid was poured away. This could be done very com¬ 
pletely, since after standing for a short time the settled gel seemed to knit 
itself together into a reasonably firm mass. This fact is interesting and is 
receiving further study. After this process had been repeated several 
times, the gel was found to be neutral and free from impurities. It was 
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very essential in this problem that the gel should be entirely free from acid 
or base. The gel was resuspended in about three times its volume of dis¬ 
tilled water before being used. 

The data are shown in tables 1 and 2. 

The concentration of sodium silicate is expressed as normality in terms of 
its equivalent of sodium hydroxide. The silicate used was E brand, 
produced by the Philadelphia Quartz Co^ The Na20/Si02 ratio by weight 
is 1/3.25. 


TABLE 1 


Composition of the silicic acid gels 


NUMBCR OF GEL 

0 611 AT SODIUM SILICATE 

2.05 N ACETIC ACID 

1 

ce. 

CC. 

1 

50 

20 

2 

65 

20 

3 

45 

20 

4 

70 

20 

5 

50 

25 

6 

50 

10 


TABLE 2 


Data for buffer solutions 


SOLUTION 

1 

0 1 N SODIUM 
HYDROXIDE 

0J V POTASSIUM 
ACID PHTHALATE 

DISTILLED WATER 

pH 


CC 

CC. 

CC. 


A 

0 40 

50.0 

100.0 

3.99 

B 

17 70 

50.0 

100.0 

4.52 

C 

29.95 

50.0 

100.0 

5 09 

D 

39 85 1 

50 0 

100.0 

5 67 

E 

45.45 

50 0 

100.0 

5.98 


The following combinations were tried, using 50 cc. of the buffer solution 
and from 0 to 20 cc. of the washed gel or distilled water: A5, A6, Bl, B4, 
B5, Cl, C2, C3, C4, Dl, D2, D4, E5, and E6. In no case was any change 
in pH observed. Repetition gave identical results. 

We may state, therefore, that silicic acid gel in moderate quantities has 
no measurable effect upon the pH of phthalate buffer solutions from 
pH = 4.0 to pH = 6.0 as measured by the quinhydrone method. It would 
therefore seem reasonable to believe that the silicic acid gel present in gel 
mixtures will have no measurable effect upon the pH determination by the 

^ The writers wish to thank the Philadelphia Quartz Co. for the silicate used in 
this research. 
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quinhydrone method, the buffering being accomplished by the acetic acid 
and sodium acetate present. 

To determine whether or not the platinum electrode used in the quin¬ 
hydrone determination is affected by usage in these silicic acid gel mix¬ 
tures, a large number of trials were made. Determinations were made in 
mixtures of known pH, before and after using the electrode in a silicic acid 
gel mixture. Various methods of cleaning the electrode were used. The 
electrode always requires a fraction of a minute to come to equilibrium. 
No evidence of any effect of the silicic acid on the platinum was found. 
The electrode may be cleaned with filter paper, or any coating of silica 
may be loosened by treatment with dilute sodium hydroxide without 
apparently affecting the electrode. 

THE EFFECT OF SETTING OF THE GEL UPON THE pH 

Because of the accuracy developed here in the use of the quinhydrone 
method, we have thought it worth while to ascertain again whether any 
change occurs, during setting, in the value of the pH. Very careful 
determinations were run on three gel mixtures, one of pH 4.64, one of 5.01, 
and the third 5.92. Readings were obtained as soon as possible after 
mixing and were continued until long after the gel had set. No observable 
change could be detected in the pH. This agrees with observations in this 
laboratory, as mentioned by Hurd and Carver (1), and agrees with the 
observations of Prasad and Hattiangadi (3), who determined the pH with 
indicators. 

THE EFFECT OF QUINHYDRONE ON THE TIME OF BET 

It has been our practice to determine the time of set and the pH in two 
different portions of the same mixture. This practice obviates the possi¬ 
bility that the quinhydrone might affect the time of set indicated for the 
mixture. It would not be expected, from the results shown by Hurd and 
Carver (1), that such small amounts of a sparingly soluble organic com¬ 
pound of this type would have any appreciable effect upon the time of set, 
as determined by the tilted rod method. 

A number of determinations have been carried out in acid mixtures over 
the pH range given in this and other papers of the series, to detect any effect 
on time of set caused by the introduction of the same amount of quinhy¬ 
drone as is used in a pH determination. The data are omitted in the 
interest of economy. The effect can be considered negligible. 

SUMUART 

A study has been made of the quinhydrone method for the determination 
of the pH in silicic acid gel mixtures prepared by mixing solutions of sodium 
sUicate and acetic acid. All gel mixtures were adid. The quinhydrone 
method was found to give reliable results. 
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It does not appear that the platinum electrode is affected by the colloidal 
silicic acid. 

A method of preparing washed gel, free from electrolytes, is described. 
No change in pH during and for some time after setting could be detected 
in gel mixtures with pH from 4.62 to 5.92. 
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NEW BOOKS 


Kolloidchemisches Prakiikum. By E. Satjer. 21 x 14 cm.; ix 112 pp. Berlin: 

Julius Springer, 1935* Price: 4.50 RM. 

This laboratory manual gives detailed directions for 140 experiments illustrating 
the preparation of colloidal solutions, the investigation of their mechanical, electri¬ 
cal, and optical properties, phenomena at boundaries, the properties of gels and 
jellies, and the analysis of particle sizes chiefly by elutriation. 

The majority of the examples chosen are what may be called standard or classical; 
a few—c.g., the preparation of cadmium sulfide from the cyanide—are dravn fromless 
familiar sources, while a number of experiments have been devised by the author 
himself. The directions are concise but clear, and students of average attainments 
should find no difficulty in carrying them out and in acquiring a fair knowledge of 
colloidal technique. The intelligent student will also notice the only serious error 
overlooked by the proof reader: to prepare colloidal sulfur according to Raffo's 
method he is instructed to drop a solution of sodium sulfate into concentrated sulfuric 
acid; it should of course be sodium thiosulfate. 

The author says in the preface: *^Only in rare cases will sufficient time be available 
at the universities for a practical course in colloids extending over a whole semester. 
It is, however, possible to give a survey of colloid chemistry by using one or two 
afternoons only during one semester. 

Emil Hatschek. 

Lehrbuch der physikalischeu Chemie. By K. Jei.linek. Band V, Bogen 1-18. 

25 X 16 cm.; 288 pp, Stuttgart: F. Pmke, 1935. Price: 27 marks. 

The first part of the fifth and final volume of this well-known treatise consists, 
broadly speaking, of three sections with the beginning of a fourth. The first section 
deals with surface phenomena and colloids, including electroendosmose, cataphor- 
esis, electrocapillary phenomena, and the Brownian movement. Since only eighty 
pages are devoted to this section, the treatment is often brief, but the mathematical 
deductions are clearly given and such typical experimental results are quoted as are 
necessary to illustrate the applications of the theory. The second section (pp. 
81-204) deals with homogeneous and heterogeneous reaction velocity, and modern 
aspects are represented by discussions of the work of Hinshelwood, Moelwyn- 
Hughes, and Bronsted. A good feature is the detailed consideration of typical cases, 
and the rather involved theory is carefully explained. The section on heterogeneous 
systems includes activated adsorption. The theory of supersaturated solutions on 
p. 160 is given without mentioning the names of the authors, Jones and Partington. 
The third section deals with aspects of electrolysis falling within the range of the 
volume and includes a discussion of modern research on overvoltage. The section 
on the structure of matter, with w hich the fifth volume will mainly be concerned, is 
introduced by eighteen pages on the determination of the electronic charge. 

The present volume, although perhaps less detailed than the preceding ones, is 
planned and executed on the same lines, and it may be recommended as a clear and 
able exposition of the subjects dealt with. 


J. R. Partington. 
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Auer von Welabach. By F. Sedlacbk. 25 x 18 cm.; Viii + 85 pp.; 30 illustrations. 

Berlin: Julius Springer, 1934. Price: 3.60 RM. 

The present volume constitutes the second part of the larger book Blotter fUr die 
echichte der Technik edited by L. Erhard. The book opens with an interesting account 
of the parentage and family of Carl Auer von Welsbach from the early seventeenth 
oentury, and this is followed by an equally interesting account of his youth and studies. 
A brief survey of the development of the study of the rare earths leads to a descrip¬ 
tion of the separation of the didymium of Mosander into the two elements praseody¬ 
mium and neodymium by Auer. The three important oontyibutions of Auer to the 
general amenities of the world, namely the incandescent gas mantle, the osmium 
lamp, and the cerium-iron alloys, used in the manufacture of automatic lighters, are 
considered at length in a manner which is intelligible to the non-scientific. The 
separation of the ytterbium of Marignac into aldebaranium and cassiopeium by Auer 
is described, and the whole question of his priority over Urbain is once more explored. 
The concluding chapter contains a fascinating account of the personality of Auer, 
who is here named the ^^Austrian Edison,” his activities in the autumn of his life, and 
his death in 1929 at the age of 71. 

This most interesting book is written in a very pleasant manner, and portraits of 
Auer at seven periods of his life are included. A list of references to the published 
works of Alois Auer von Welsbach, Carl Auer von Welsbach, and other writers on the 
subjects in which Auer was active is appended to the book. 

The book is the story of a great Austrian, who was both a great man and a great 
chemist, his scientific investigations, and the development of some of these into vast 
industrial undertakings. It is a book well worth reading, and it can be recommended 
without reserve. 

James F. Spence. 

Acta Physicochiniica U. S. S. R, Published in Moscow. Volume 1, 990 pages. 

Six issues, beginning September 1934. Amkniga Corporation, 258 Fifth Ave., 

New York; or Knige, Ltd., Aldwych, London, W. C. 2. Price: $4.00 per volume. 

Another new journal in the field of physical chemistry has made its appearance, 
and takes its place as an important scientific publication, access to which promises 
to be indispensable to those interested in mathematical, theoretical, or general 
physical chemistry, kinetics, catalysis, photochemistry, electrochemistry, and 
especially colloids and sorption,—the whole range of physical chemistry and chemical 
physics. 

The board of editors consists of a dozen internationally known investigators. 
There are some forty permanent contributors distributed over seven cities of the 
U. S. S. R. The papers in Volume 1 are published in English, German, and occa¬ 
sionally French. Most of them are from the U. S. S. R., but a number are from other 
countries. Issues 3-4 contain the papers given at the Tenth Six-day Physico-Chemi¬ 
cal Conference on Heterogeneous Catalysis, including one paper each from I. Lang¬ 
muir and H. S. Taylor. 

In a country which frankly recognizes scientific progress as a vital necessity and 
offers every inducement in its power for the pursuit of pure and applied science, it is 
inevitable that there should be enormous activity in every scientific field. The high 
quality of this journal ih the selected field of physical chemistry commands our 
congratulations. 


James W. MoBain. 
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A mechanism of the coagulation of sols by electrolytes based on adsorp¬ 
tion and potcntiometric measurements on hydrous oxide sols and arsenic 
trisulfidc sol has been proposed in earlier papers (11, 13). While these 
papers were being prepared Bassett and Durrant (1) carried out experi¬ 
ments on Rafifo\s sulfur sol wdiieh indicated that the precipitating cation 
carried down by the coaguluin was always exactly equivalent to the stabil¬ 
izing polythionate ion originally held by the sulfur micelles. From this 
it w'as concluded that the coagulation is the result of a stoichiometric 
reaction between the soluble sodium salt of a sulfur polythionate complex 
and the precipitating electrolyte. Somewhat later Bolam and Bowden 
(2) and Bolam and Muir (4) determined the change in hydrogen-ion con¬ 
centration on adding electrolytes to sulfur sol, using the same procedure 
as we employed with arsenic trisulfide sol. These observations led to the 
conclusion that the same fraction of hydrogen ion is liberated from the 
micelles of a given sulfur sol at the coagulation point, whatever the nature 
of the cation of the coagulating salt. 

Since neither of the above conclusions reported by the English workers 
would be predicted from the mechanism of the coagulation process pro¬ 
posed by us, we have extended our observations on the nature of electrolyte 
coagulation to sulfur sols. 

ADSORPTION EXPERIMENTS 

Since the observations of Bassett and Durrant with the various cations 
were carried out on different sols, it was not possible to compare directly 
the amounts of the several cations taken up at the precipitation concen¬ 
tration. In order to make such a comparison the adsorption of a series 
of cations of varying valence was determined on samples of the same sol. 

Preparation of sol 

Raffo (8) sulfur sols were prepared according to the procedure of Bassett 
and Durrant: 83.6 g. of sodium thiosulfate crystals was dissolved in 50 cc. 
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of water and added to 65.5 cc. of concentrated sulfuric acid, keeping the 
temperature below 25®C. After adding 60 cc. of water, the mixture was 
heated to 86®C. until all sulfur dioxide was driven off. The mixture was 
allowed to stand at room temperature for three hours, the coagulated sulfur 
collected on a Buchner funnel, repeptized in cold water, and coagulated 
with 5 N sodium nitrate solution; the repeptization and coagulation were 
repeated three times. Since two or three liters of sol were required for 
each series of experiments, several portions were prepared and mixed after 
the first coagulation with sodium nitrate, subsequent coagulations and 
peptizations being carried out on the whole sol. After the second precipi¬ 
tation with sodium nitrate, the coagulated sulfur was peptized in a small 
amount of water and about one-fifth of this sol was used to wash the 


TABLE 1 

Adsorption by sulfur sol of cations at the precipitation concentration 


I. 5.4 g. per liter; age 50 days 


II. 2.75 g. per liter; age 60 days 


rc OP 

80L 

CATION 

ADDSD 

CATION CON- 
CfiNTKATIONS 
MILLIfiQ PER 
LITER 

ADSORPTION 
MILLIEQ 
PER ORAM 
OP SbLFlJR 



Original 

Final 

150 

Sr 

5.87 

2 00 

0.73 

150 

Ba 

5 32 

1.66 

0 71 

150 

Nd 

3 68 

0.20 

0 68 

200 

Ba 

2 30 

0.45 

0 74 

175 

Sr 

3.07 

1.30 

0.72 

175 

Ca 

5.28 

3 73 

0 64 

400 

A1 

1.60 

0.15 

0 59 

400 

Nd 

1 34 

0 08 

0 52 

400 

Th 

1.39 

0 38 

0 41 


coagulum obtained by the next precipitation with sodium nitrate. In this 
way the amount of sodium nitrate retained by the sulfur was reduced. 
Four samples of sol of varying concentrations and ages were used in the 
following experiments: 

Adsorption at the precipitation concentration 

The precipitation concentration of electrolyte for the sulfur sol was taken 
as that concentration which was just sufficient to give a clear supernatant 
solution after the mixture of sol and electrolsrie had stood for twenty-four 
hours. For each trial a 10-cc. portion of sol was employed. The electro¬ 
lytes were the chlorides of the respective metals. The precipitation con¬ 
centrations in milliequivalents per liter are given in the fourth column of 
table 1. 
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The adsorption measurements were made as follows: To a definite 
volume of sol contained in a wide-mouthed bottle, varying amounts of 
water and electrolyte were added to bring the mixture to some constant 
volume. The mixtures were stoppered, shaken, and allowed to stand for 
twenty-four hours. The coagulated sulfur was matted down by centri¬ 
fuging, and the supernatant liquid filtered through a small filter paper to 
remove any suspended sulfur. The concentration of the cation in the 
filtrate was then determined. For standardization, samples in which water 
was substituted for the sol were subjected to the same treatment. Barium 
and strontium were determined as sulfates; the calcium was i)rccipitated 
as oxalate and weighed as oxide; and the neodymium, aluminum, iron, and 


TABLE 2 


Adsorption by sulfur sol of cations at concentrations above the precipitation values 


NO OF BOL 


III. 7.3 g. per liter; age 5 days 


IV. 2.5 g, per liter; age 80 days 


rr OF 
HOL 

CATION 

ADDED 

CATION CON¬ 
CENTRATIONS 
MILIJEU. PER 
LITER 

ADSORPTION 
MILLIEQ 
PER GRAM 
OF 8L LVl R 



Original 

Final 

50 

Sr 

10 12 

6 12 

0 56 

50 

A1 

7.73 

3 31 

0 66 

50 

Nd 

1 8 32 

3 72 

0 68 

50 

1 Th 

1 

9 46 

4 72 

0 74 

100 

Ca 

! 4 00 

2 68 

0 48 

100 

Sr 

4 00 

2 42 

0 58 

100 

Ba 

4 00 

2 04 

0.71 

100 

A1 

4 00 

1 88 

0 77 

100 

Nd 

4 00 

0 82 

1 16 

100 

Th 

4 00 

1 0.68 

1 21 


thorium were determined as oxides. All experiments were carried out in 
duplicate and the average is reported. 

The adsorption data at the precipitation values of the respective electro¬ 
lytes are summarized in table 1. 

Adsorption above the precipitation concentration 

Observations similar to those described above were made (1) on a freshly 
formed sol with electrolyte concentrations approximately twice the respec¬ 
tive precipitation values, and (2) on an aged sol with the respective electro- 
l 3 rtes in equal concentrations wtU above the precipitation value. The 
results are summarized in table 2. 

Discussion of results 

Contrary to the belief of Bassett and Durrant, it is quite evident from 
the above results that the amounts of the several cations taken up by the 
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particles of sulfur sol are not equivalent either at, or above, the respective 
precipitation concentrations. The order of precipitating power for sol I 
was found to be Nd > Ba > Sr, and the adsorption (at the precipitation 
value) in milliequivalents per gram of sulfur is in the order Sr > Ba > Nd. 
However, if we compare the relative amounts adsorbed we find that 94 
per cent of the added neodymium is adsorbed as compared with 69 per 
cent of barium and 65 per cent of strontium. 

In the case of sol II we find the order of precipitation to be Nd > Th > 
A1 > Ba > Sr > Ca. The occurrence of the lyotropic sequence in the 
coagulation of sulfur sols has been pointed out by a number of investigators 
(12,2,5). The adsorption is in the order Ba > Sr > Ca > A1 > Nd > Th. 
Again if we compare the percentage amounts of the added cations adsorbed, 
we find the order to be the same as that of the precipitating power, namely, 
Th > Nd > A1 > Ba > Sr > Ca. As will be observed, tetravalent 
thorium does not precipitate in lower concentration than trivalent neody¬ 
mium and the relative adsorption is less. Thorium chloride solution is 
hydrolyzed to a considerable degree, and we are dealing in this case with 
mutual coagulation of thorium oxide sol and sulfur sol as well as ionic 
interchange. 

The order of adsorption well above the precipitation concentration, as 
shown in table 2, is the same as the order of precipitating power, namely, 
Th > Nd > A1 > Ba > Sr > Ca. As will be shown in the subsequent 
experiments on hydrogen-ion displacement, cationic interchange is com¬ 
pleted at or somewhat above the coagulation concentration. Further 
adsorption occurs, however, and may even lead to a reversal of charge and 
peptization in the case of thorium. The percentage adsorption from 
mixtures having the same electrolyte concentration is in the same order as 
the precipitating power. Thus in sol IV the relative amounts taken up 
are: thorium, 83 per cent; neodymium, 80 per cent; aluminum, 53 per 
cent; barium, 49 per cent; strontium, 40 per cent; and calcium, 33 per cent. 

Similar observations were made on a Selmi (9) sol prepared by the inter¬ 
action of hydrogen sulfide and sulfur dioxide (see page 1168); but the ad¬ 
sorption values with the more hydrophobic Selmi sol were smaller than 
with the Eaffo sol. 

Summarizing briefly, we note that the adsorption values of the precipi¬ 
tating ions are not equivalent at the precipitation concentration. The 
relatively more marked adsorption of the cations of higher valence brings 
about precipitation at lower concentrations. 

TITEATION EXPERIMENTS 
Preparation of sols 

The displacement of hydrogen ion from the colloidal particles by the 
stepwise addition of various metallic chlorides was observed with both a 
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Raffo and a Selmi sol. The former was prepared by a method similar to 
that used by Bolam and Bowden: 25 cc. of concentrated sulfuric acid was 
added slowly from a dropping funnel to 100 cc. of saturated sodium thio¬ 
sulfate. The mixture was stirred vigorously with a mechanical stirrer 
and the temperature was maintained between 20 and 25°C. by surrounding 
with ice water. After the reaction was complete the mixture was cooled 
to 0®C. and treated with 100 cc. of saturated sodium chloride solution. 
The coagulated sulfur was separated by centrifuging and heating to 85°C. 
with 100 cc. of water. Coagulation and repeptization were then repeated 


TABLE 3 


Titration of a Raffo sulfur sol with alkali halides 


ELECTROLYTK 

AMOUNT 
ADDED IN 
EQUIVA¬ 
LENTS X 10* 

AE IN 

MILLIVOLTS 

pH 

[HI X 10* 

IN SOLUTION 

[H] X 10* 

DISPLACED 

None .... 

0 

53 

3 08 

8 3 

0 



38.4 

59 

2.98 

10.5 

2.2 



76 8 

60 5 

2.96 

11.0 

2.7 

KCI. 


115 2 

61 0 

2.95 

11.2 

2 9 

1 


153 6 

64 0 

2 90 

12.6 

4.3 



192 0 

65.5 

2 87 

13 5 

5 2 


f 

1 

38.4 

57.5 

3.00 

10 0 

1 7 


1 

76 8 

61.0 

2 95 

11 2 

2.9 

NaCl ... 

1 

115 2 

62 5 

2 92 

12 0 

3.7 



153 6 

63 5 

2 91 

12.3 

4 0 


i 

192 0 

64.5 

2 89 

12 9 

4 6 



38 4 

57.0 

3 01 

9.8 

1 5 



76 8 

60 0 

2.96 

11 0 

2 7 

LiCl. ^ 


115 2 

61 5 

2.94 

11 5 

3 2 



153 6 

02 5 

2 92 

12 0 

3 7 



192 0 

63 5 

2 91 

12 3 

4.0 


until the supernatant liquid after coagulation was neutral to litmus. Sev¬ 
eral portions having been prepared in this way, the whole was mixed and 
freed from sodium chloride by coagulating with concentrated hydrochloric 
acid and repeptizing by washing, the process being repeated several times. 
The sol was then dialyzed in a Neidle (7) dialyzer, using a cellophane bag, 
for three weeks at the rate of 500 cc. of water per hour. No chloride was 
detected in 100 cc. of diaJysate evaporated to 10 cc. Sulfur which had 
settled out in the course of dialysis was removed by filtration. The sol 
contained 2.9 g. of sulfur per liter. 
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The Selmi sol was prepared by the method of Weiser and Cunningham 
(12,2,5). Hydrogen sulfide and sulfur dioxide were passed simultaneously 
into water previously saturated with sulfur dioxide. Hydrogen was used 
to wash out the excess gases. After standing thirty days, the sol was 
filtered and the titration experiments carried out. The sol contained 10.8 
g. of sulfur per liter. 



Fig. 1, Titration of Raffo Sol with Electrolytes 


Potentiomdric titrations on the Raffo sol 

To 5-cc. portions of Sol contained in small weighing bottles were added 
varying amounts of water and precipitating electrolyte, bringing the final 
volume in each case to 5.1 cc. A microburet graduated in 0.01 cc. was 
used to deliver the water and solutions. After thorough mixing the sam¬ 
ples were allowed to stand in a thermostat for eighteen hours before making 
the potentiometric measurements. 

The glass electrode used to determine the pH value was of the Maclimes 
and Dole type (6). A bulb was blown on the end of a glass tube (Coming 
No. 015) until the resulting film was thin enough to show interference 
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colors. The end of a tube of the .same glass, one-half inch in diameter, was 
heated to low red heat and placed agaimst the bulb. The adhering film was 
fused on by careful heating. The tube, except for the lower one-half inch, 
was covered with paraffin. After the tube had soaked for two days in 
0.01 N hydrochloric acid, it was rinsed and filled almost to the level of the 
paraffin with 0.01 N hydrochloric acid saturated with quinhydronc, thus 
forming a quinhydronc half-cell. This electrode was suspended in the 
weighing bottle containing the sol-electrolyte mixture. The other half- 

TABLE 4 


Titration of a Rajfo sulfur sol with alkaline earth halides 



^MOrNT 

j 

1 



ELBlTHOLYTE 

ADDBl) IN 
EQriVA- 

lentm X 10‘ 

I E IN 

, Mll.l.nOLTS 

1 

! pH 

IH) X 10« 

IN aoLiriioN 

[HI X 10* 
dihplacbu 

Nono ... 

0 

.>3 5 

3 07 

8 5 

0 



7 88 

06 0 

2 80 

13 8 

5 3 



15 70 

70 0 

2 79 

16 2 

7 7 

BaCU . .... < 


23 01 

72 0 

2 76 

17 4 

8 9 


27 58 

73 0 

2 74 

18 2 

9 7 



31 52 

74 0 

2 73 

18 6 

10 1 



39 4 

74 0 

2 73 

18 6 

10 1 



7 60 

05 5 

2 87 

13 5 

5 0 



15 20 

69 0 

2 81 

15 5 

7 0 

SrCla. < 


22 80 

72 0 

2 76 

17 4 

8 9 


26 00 

72 5 

2 75 

17 8 

9 3 



30 40 

71 0 

2 73 

18 6 

10 1 



38 0 

73 5 

2 73 

18 6 

10 1 



7 38 

03 0 

2 91 

12 3 

3 8 



14 70 

67 0 

2 84 

14 4 

5 9 



22 14 

68 5 

2 82 

15 1 

6 6 

CaCla. . . ' 


29 52 

70 0 

2 79 

16.2 

7 7 



33 21 

70 5 

2 78 

16 6 

8 1 



36 90 

71 5 

2 77 

17 0 

8 5 



51 06 

72 0 

2 76 

17 4 

8 9 


cell was a 0.01 N calomel electrode, the tip of the salt bridge making con¬ 
tact with the liquid in the weighing bottle. Such dilute potassium chloride 
shows no coagulating action on the sol. The Youden glass electrode 
hydrogen-ion apparatus manufactured by the W. M. Welch Company 
was employed in measuruig the e.m.f. The null-point instrument used in 
this apparatus is the Lindemann electrometer. 

. The glass electrode was standardized with M/20 potassium acid phtha- 
late. Other standard buffers of lower pH were frequently run as controls. 
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The sol was titrated with the chlorides of potassium, sodium, lithium, 
bhrium, strontium, calcium, neodsrmium, aluminum, chromium, and 


TABLE 5 

Titration of a Raffo »ol with NdCli, Aids, Crds, and Thds 


BLBCTROLYTS 

AMOUNT 
ADDED IN 
EQUIVA¬ 
LENTS X 1(H 

E IN 

MILUVOLT8 

pH 

IH]X10* 

IN SOLUTION 

tH] X 10* 

DISPLACED 

None. 

0 

53.5 

3.07 

8.5 

0 


1 47 

56.0 

3.03 

9.3 

0.8 


4.41 

59.5 

2.97 

10.7 

2 2 


5.88 

62.5 

2.92 

12.0 

3 5 


7.35 

64.5 

2.89 

12.9 

4.4 

Ndd,.1 

8.82 

65.5 

2.87 

13.5 

5 0 


10.29 

67 0 

2.84 

14.4 

5.9 


13.23 

68 5 

2.85 

15.1 

6.6 


20.58 

72 5 

2 75 

17.8 

9.3 


44.10 

74.0 

2.73 

18 6 

10 1 


2 48 

59.5 

2.97 

10 7 

2 2 


7.44 

63 5 

2.91 

12 3 

3 8 


9.92 

64 5 

2 89 

12 9 

4 4 

Aids. I 

12.40 

66 5 

2.85 

14 1 

5.6 


14.88 

68.5 

2.82 

15.1 

6 6 


22.32 

70.5 

2.79 

16 2 

7.7 


34.72 

72 0 

2.76 

17,4 

8 9 


7.32 

56.5 

3.02 

9 6 

1.1 


14.64 

58.5 

2.99 

10 2 

1.7 


21.96 

61.5 

2.94 

11 5 

3.0 

CrCls.• 

25,62 

63.0 

2.91 

12.3 

3.8 


29.28 

64 0 

2.90 

12.6 

4.1 


36 60 

65.5 

2 87 

13.5 

5 0 


51 24 

70.0 

2.79 

16.2 

7.7 


1.68 

57.5 

3.01 

9.8 

1.3 


5 04 

60.0 

2.96 

11.0 

2.5 


8.40 

62 5 

2.92 

12.0 

3 5 


10.08 

63.5 

2 91 

12.3 

3.8 

Thds.• 

11.76 

64.5 

2.89 

12.9 

4 4 


13.44 

66.0 

2.86 

13.8 

5.3 


15.12 

67.5 

2.84 

14.4 

5.9 


23.52 

71.0 

2.78 

16.6 

8.1 


33.60 

1 74.0 

2.73 

18.6 

10.1 


thorium. The data for the alkali chlorides are recorded in table 3 and 
shown graphically in figure lA. Since a relatively high concentration of 
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the alkali cations is necessary to cause coagulation, the titrations were not 
carried to the precipitation value on account of the possibility of serious 
error in the pH measurements at the higher concentrations. 

The results of the titration of the sol with the alkaline earth halides are 
given in table 4 and shown graphically in figure IB. The precipitation 
concentration is indicated by a short vertical line cutting the curve for 
hydrogen displacement. 

The titration data for the cations of higher valence are shown in table 5 
and figure 1C. 

Referring to figure 1A it will be seen that the displacement curves for the 
monovalent ions are similar in form. The hydrogen ion displaced is 
markedly less than equivalent to the cation added (straight line). The 
displacing power of the cations is in the same order as their precipitating 
power: K > Na > Li. A similar lyotropic sequence is observed in the 
case of the divalent ions (figure IB). Although the displacing powers of 
barium and strontium are almost the same as are the precipitation values, 
that of calcium is distinctly lower. Comparing the displacement curves 
with the straight line representing the cation added, it will be noted that at 
low concentrations about 60 per cent of the cation added is effective in 
displacing hydrogen ion, the effectiveness falling off with increasing con¬ 
centration until the coagulation value is reached, above which no further 
displacement occurs. With the cations of higher valence, figure 1C, the 
order of displacing power and coagulating power is the same: Nd > Th > 
A1 > Cr. The reason thorium is less effective than neodymium has been 
discussed in connection with the adsorption experiments. In contrast to 
the behavior of the alkaline earth cations, thorium, neodymium, and 
aluminum coagulate the sol before the maximum displacement of hydrogen 
ion is attained, indicating further ionic interchange after the charge on the 
particles has been reduced to the point of coagulation. 

Contrary to the view of Bolam and Muir, the displacement of hydrogen 
ion is not the same at the coagulation point. This is emphasized in figure 
ID, which shows that much less hydrogen is displaced at the precipitation 
value of neodymium than at the precipitation value of barium. Less 
neodymium ion needs to be adsorbed to lower the charge to the critical 
coagulation value and accordingly less hydrogen is displaced at the precipi¬ 
tation value of neodymium than of barium. 

Potentiometric titrations 07i the Selmi sol 

Observations were made on the more hydrophobic Selmi sol similar to 
those on the Raffo sol. To conserve space the tables of titration data are 
omitted, the results being shown graphically in figure 2. 

The displacement curves with the monovalent ions, figure 2A, are the 
same in form as those obtained with the Raffo sol. With the divalent ions 
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the order of displacing power and coagulating power is: Ba > Sr > Ca. 
The difference in displacing power is slight at lower concentrations, becom¬ 
ing more marked as the precipitation concentration is approached. With 
the ions of higlier valence the curves are quite similar in form, the order of 
displacing power being: Th > Nd > Cr > Al. This is the same as the 
order of precipitating power, with the exception that the chlorides of 
chromium and alunainum precipitate in almost the same concentration. 
It will be noted that at low concentrations of thorium and neodymium 
the hydrogen ion displaced is almost equivalent to the cation added 



(straight line). As in the case of the Raffo sol, the displacement of hydro¬ 
gen ion is far from complete at the precipitation concentration of the 
strongly adsorbed multivalent ions. For these ions which precipitate in 
low concentrations that are not far apart, the displacement of hydrogen 
at the precipitation value of the several ions approaches equivalence in 
accord with the observations of Bolam and Muir. On the other hand, 
with ions whose precipitation values are not close together, such as barium 
and neodymium, the displacement of hydrogen at the precipitation value 
of the former is much greater than at the precipitation value of the latter 
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(cf. figure 2B), just as was found in the case of the Raffo sol, and for the 
same reason. 

Comparing the observations on the two sols we find the hydrogen-ion 
concentration of the original Selini sol to be over four times that of the 
Raffo sol, whereas after coagulation the ratio in the supernatant solution 
was reduced to 5:2. Moreover, the effect of the valence of the cation is 
more marked in the aged Selmi sol than in the Raffo sol. The aging of the 
former causes it to assume the properties of a typical hydrophobic sol in 
which the valence and lyotropic influence of the cations is more marked 
than in the more hydrophilic Raffo .sol. 



Fig. 3. Diagrammatic Representation of the Constitution op a Particle of 
Colloidal Sulfur before and after the Addition of Barium Chloride 


MECHANISM OF THE COAGULATION 

In sulfur sols prepared by the decomposition of sulfur compounds, the 
stabilizing electrolytes are polythionic acids, such as pentathionic and 
hexathionic, which may be represented by the general formula H 2 S, 0 «. 
The colloidal particles consist essentially of a nucleus of colloidal sulfur 
which adsorbs the polythionate ions so strongly that the latter constitute 
the inner portion of the double layer surrounding the particles and give the 
particles a negative charge. The outer layer is a diffuse layer of hydrogen 
ions. The constitution may be represented diagramraatically as shown in 
figure 3A. The hydrogen ions of the outer layer are osmotically active 
and have a range of movement determined by the electrostatic field due to 
the residual “ on the surface. Some of the hydrogen ions, shown 
beyond the dotted line, have sufficient osmotic pressure so that they can 
be measured potentiomctrically. Others are so firmly held by the SxO* 
layer that they do not influence the hydrogen electrode. 
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On the addition of an electrolyte, an exchange takes place between some 
of the hydrogen ions held by the SxOj— and the cations in the external 
liquid. The theory of the diffuse double layer indicates that coagulation 
occurs when the potential on the particles has fallen below a critical value, 
as a consequence of the contraction of the double layer by the coagulating 
ion. The more strongly adsorbed metal ions displace hydrogen ions and 
take up a position relatively closer to the inner layer, as indicated with 
barium ion in figure 3B. Monovalent cations are weakly adsorbed and 
bring about a much smaller displacement of hydrogen ions than an equiva¬ 
lent amount of multivalent ions. Trivalent cations are more effective 
than divalent, for example, less Nd^^^ than Ba+''’ needs to be adsorbed 
to reduce the potential to the coagulation point, and precipitation takes 
place with lower concentration of neod 3 rmiura salts than with barium salts. 
Since less neodsunium than barium needs to be adsorbed to reduce the 
potential to the coagulation point, less hydrogen is displaced from the outer 
layer at the precipitation value of neodymium than of barium ion. The 
displacement of hydrogen by cations at the precipitation value approaches 
equivalence only in case the respective precipitation values are relatively 
close together. 

For catiops of the same valence, a definite sequence is shown in the floc¬ 
culating power; thus the order is K > Na > Li, and Ba > Sr > Ca. 
Voet and Balkema (10) showed that when different ions of the same valence 
have the same concentration in the medium, the smaller ions have the 
smaller concentration in the double layer. As the magnitude of the con¬ 
traction of the double layer depends on the concentration of the cations, 
it is evident that the larger ions have the greater effect and show therefore 
the greater decrease in the electrokinetic potential and the greater floc¬ 
culating power. 


StJMMABY 

The following is a brief summary of the results of this investigation: 

1. The adsorption of thorium, neodymium, aluminum, barium, stron¬ 
tium, and calcium during the coagulation of Kaffo sulfur sols has been 
determined at the coagulation concentration and at higher concentrations. 
Contrary to the results of Bassett and Durrant, the adsorption values of 
the various cations are not equivalent at the respective precipitation 
concentrations. 

2. At the precipitation concentration, the order of adsorption of the 
several cations expressed in milliequivalents per gram of sulfur is in inverse 
order to the precipitating power. However, if one compares the fraction 
of the precipitation value adsorbed, the adsorption is in the same order as 
the coagulating power. 
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3. The order of adsorption above the precipitation value is the same as 
that of the precipitating power: Th > Nd > A1 > Ba > Sr > Ca. 

4. The displacement of hydrogen ions during the stepwise addition of 
electrolytes to both Rafifo and Selmi sols has been followed potentiometri- 
cally, using the glass electrode. 

5. The hydrogen-ion displacement by the several cations is in the same 
order as the coagulating power. 

6. Equivalent amounts of hydrogen ion are not displaced at the precipi¬ 
tation value of the several cations, as claimed by Bolam and Muir. The 
displacement approaches equivalence only when the precipitation values 
are of the same order of magnitude. 

7. With cations of the same valence, the order of hydrogen-ion displace¬ 
ment as well as coagulating power is related to the size of the ions. At 
the same concentration, the largest ion produces the greatest displacement. 
Thus we find the order to be as follows: K > Na > Li, and Ba > Sr > Ca. 

8. A mechanism has been proposed to account for the above-mentioned 
phenomena of adsorption and displacement of hydrogen ion which accom¬ 
pany the processes of potential reduction and coagulation, 
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INTRODUCTION 

Dilatometers have been successfully used by Akerlof (1) and Bronsted 
(4), among others, in precise studies of the kinetics of catalyzed reactions. 
More recently, dilatometers have been applied by Sreenivasaya (15) and 
Rona (14) to the study of the hydrolysis of sucrose in the presence of 
invcrtase. These workers reported that the change in volume was propor¬ 
tional to the change in rotation, and that the total contraction accompany¬ 
ing the hydrolysis varied only with the amount of sucrose present, being 
G cc. per mole. 

The figures averaged by Rona (14) to obtain this value showed consider¬ 
able scattering, and were not obtained by direct observation of the total 
volume change from the beginning to end of the hydrolysis, but by calcula¬ 
tion from the known changes in rotation and the proportionality between 
changes in volume and in rotation. Sreenivasaya (15) stated that he had 
confirmed Rona^s figure by direct observation in a special dilatometer in 
which the reaction could be started as well as finished, but he gave no 
detailed data for his experiments with invertase. Since Riiber (13) had 
found that the mutarotation of glucose and fructose wus accompanied by a 
small increase in volume, it seemed unlikely that the kinetics of the volume 
change could be exactly the same as that of the hydrolysis itself. This 
effect of mutarotation is avoided in the best polarimetric technique by the 
addition of alkali before the rotation is measured, but it does not seem 
possible to avoid it in a dilatometer. Yet, if the dilatometric method could 
be shown to be reliable, it would make possible the study of this important 
enzyme in a laboratory not provided with an expensive polarimeter. 

The object of the present work, therefore, was to find out how well the 
dilatometric method would reproduce the known characteristics of inver- 
tase action, as well as those of the hydrolysis of sucrose under the influence 
of hydrochloric acid. 
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BXPEBIMENTAli 

Maieridls 

Invertase was prepared from baker’s yeast by the method of Nelson and 
Bom (10), with the omission of the precipitations by alcohol and the treat¬ 
ment with kaolin. A very similar method has been included in those of 
the Association of Official Agricultural Chemists (2). The solution was 
dialyzed to a specific conductivity of about 10~‘. Its solid content was 
0.95 per cent, and the dry matter contained 1.56 per cent of nitrogen. This 
solution was diluted to one-tenth of the above concentration with distilled 
water, and the invertase concentrations mentioned below refer to cubic 
centimeters of this diluted solution in 100 cc. of the reacting mixture. 

The sucrose used was granulated table sugar, of a brand sold in sealed 
cartons. Its ash and moisture contents were found to be negligible, 0.0075 
and 0.02 per cent, respectively. It was not further purified because one of 
us had previously found the specific rotation of other samples of the same 
brand to agree with the accepted value within 0.1 per cent. 

The acidity of the sucrose-invertase solutions was regulated by acetate 
buffers prepared from standardized solutions of c.p. acetic acid and sodium 
hydroxide. The concentration of both acid and salt in each reaction 
mixture was 0.01 M. The acidity of the reaction mixtures was measured 
electrometrically at 25°C., using hydrogen electrodes with a saturated 
potassium chloride junction. The pH values are based on 0.1 M hydro¬ 
chloric acid as standard, its pH being taken as 1.075. Hydrochloric acid 
solutions were prepared by diluting weighed amounts of the constant¬ 
boiling mixture, the concentrations being checked by weighing silver 
chloride. 

Apparatiia and method ^ 

The dilatometers were constructed of Pyrex glass and were like that 
depicted by Akerldf (1), without a water jacket around the capillary tube.* 
Two instmments were used, of such dimensions that the total change 
observed was always between 10 and 50 cm., in most cases about 25 cm. 
The larger dilatoraeter had a capacity of 182.6 cc., and a fall of 1 cm. in its 
tube corresponded to a contraction of 2.56 cu. mm. The corresponding 
figures for the smaller dilatometer were 92.8 cc. and 3.67 cu. mm. per 
centimeter. The height of the meniscus In the capillary was read to 0.01 
cm. by means of a scale of millimeter paper and a hand lens. The tempera¬ 
ture of the dilatometers was controlled by a well-stirred bath containing 
about 300 1. of water, maintained at 25° d: 0.003°C. During some of the 
experiments which were done in hot weather, it was necessary to cool the 
surface of the bath by an electric fan, but the regulation was just as good 

^ The writers are indebted to Dr. G. ^kerldf for several pieces of selected capillary 
tubing. 
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as in cooler weather. Each dilatometer was supported in a brass rack and 
immersed to a level a few millimeters above the base of the capillary tube. 

Before each experiment the dilatometer was cleaned with chromic acid 
solution, washed with water and alcohol, and dried by a current of air. 
It was then kept in the bath at least fifteen minutes before being filled. 
In filling the dilatometer, solution was transferred from an Erlenmeyer 
flask in the bath through a delivery tube connected by a short piece of 
rubber tubing to the side arm of the dilatometer. The solution was driven 
over by air pressure applied above the surface of the liquid in the flask. 
Air bubbles were removed by alternately applying and releasing the 
pressure during the filling. When the meniscus had risen to the desired 
part of the capillary, the stopcock was tightly closed and readings were 
begun, without the introduction of a mercury column. Control experi¬ 
ments with water, or sugar solution without a catalyst, showed constancy 
of level only after eight or ten minutes, because of temperature changes 
during the passage of the solution through the delivery tube and side arm, 
which were not immersed in the bath. After this initial period the level 
in the control experiments remained constant within 0.02 cm. for many 
days, proving the absence of leakage and the adequacy of the temperature 
control. 

In the enzyme experiments, the reaction was started by adding invertase 
solution from a volumetric pipet to a measured volume of buffered sugar 
solution. Each pipet was calibrated at 25°C., after part of its tip had been 
cut off to allow it to deliver completely within five to ten seconds. Com¬ 
plete mixing was assured by shaking within ten seconds of the start, which 
was taken as the time when half of the enzyme solution had left the pipet. 
Experiments with 0.1 M hydrochloric acid as catalyst were started in the 
same way. In the case of the more concentrated acid solutions, equal 
volumes of double strength acid and sugar solutions were brought to 25®C. 
in separate flasks, and mixed by pouring rapidly from one flask into the 
other and back again. Titrations of the acid solutions showed that when 
2.0 M hydrochloric acid was mixed in this way with an equal volume of 20 
per cent sugar, the acid concentration of the resulting solution was only 
0.25 per cent greater than 1.0 M. In reporting the results, this slight 
deviation from simple proportionality on dilution has been neglected. 

Final readings, after the completion of the hydrolysis, were constant 
(± 0.01 cm.) after one to three days in the invertase experiments. With 
0.1 M hydrochloric acid, the level was constant from the sixth or seventh 
to at least the tenth or twelfth day. With 0.5 M acid, the level remained 
constant during the second day, but in some cases rose gradually after that. 
With 1.0 M acid, the level always passed through a minimum and then 
rose gradually, the minimum occurring after about ten hours with 10 per 
cent sugar and after about twenty-four hours with the more dilute solu- 
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tions. Since this slow increase in volume was presumably due to some 
secondary action of the strong acid on invert sugar, the lowest observed 
value was taken as the final reading with respect to the hydrolysis. 

Calculation of reaction velocities 

Since the method used in these experiments does not give directly a value 
for the initial reading at the time of starting the reaction, the attempt was 
made to express the reaction velocity in such a way as to avoid the use of an 
initial reading. This could easily be done in the case of the experiments 
with acid, because it was found that the volume change followed .the 
unimolecular law. The unimolecular velocity constant was calculated by 
the short interval formula. 


k = 



Rl — JSaO 
Rz — Rao 


( 1 ) 


where t is time in minutes and R is the corresponding reading of the dila- 
tometer, in centimeters measured upwards along the capillary from an 
arbitrary zero point. The velocity constants so calculated, from points 
corresponding to five or six equally spaced readings of volume, were fully 
as constant as those recorded by others in polarimetric experiments, and the 
average of four or five such values was taken as the best measure of the 
reaction velocity in each experiment. To obtain a value for the total 
volume change corresponding to complete hydrolysis, the average value of 
k from equation 1 was put into the unimolecular equation in the long inter¬ 
val form, 


*= 7'°g (2) 

t tv rCoo 

which was solved for 72o — the distance in centimeters corresponding to 
the total volume change. For comparison with the invertase experiments, 
the velocities were also expressed in terms of the half period, < 0 . 5 , which is 
the time in minutes required for one-half of the total change in volume. 
These values were likewise obtained from the average values of It from 
equation 1 , by the use of equation 2 in the form, 


Wi = ^ log 2 = 


0.3010 


( 3 ) 


In the case of the invertase experiments the problem was more difficult, 
because the course of the reaction does not follow any theoretical velocity 
equation. If the dilatometer readings are plotted against time, the curve 
obtained is concave upwards, the volume decreasing less and less rapidly 
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as the reaction proceeds. During the first 10 or 20 per cent of the change 
the curve is practically a straight line, just as in polarimetric experiments. 
With the polarimeter, these linear initial velocities can be used as a reliable 
measure of the reaction velocity (7,8, 9). With this dilatomctric method, 
the points obtained during the first ten minutes could not be used. How¬ 
ever, when the readings obtained after ten minutes were plotted against 
time on a large scale, they appeared to fall on straight lines for a considerable 
further interval. These lines were extrapolated back to zero time to give 
an initial reading, which was recorded as a minimum value, since, if the line 
is not really straight, it must be concave upwards. 

When the logarithms of the experimental values of R — were plotted 
against time, curves were obtained w^hich were concave downwards, at 
least up to about 90 per cent completion. This is an indication of the 
established fact that the unimolecular velocity coefficient increases with 
time in invertasc experiments (8, 12). The curves could be extrapolated 
back to zero time by the use of a flexible spline, giving values of log 
(/?o — R^). These values are likely to be too high, because in extrap¬ 
olating a curve the tendency is to approach a straight line rather than to 
increase the cui%'ature. Hence the tw^o methods of extrapolation should 
give a minimum and a maximum value, respectively, for the total volume 
change in each experiment. These extrapolations were made from large 
scale plots of the data obtained in all of the invertase experiments, and the 
semi-logarithmic plot did, in fact, give somewhat higher values for the total 
change than the direct plot in twenty out of twenty-three cases. Since 
the two sets of values did not differ by more than 1.1 per cent in the extreme 
case, and their average difference was less than 0.5 per cent, it was con¬ 
sidered that the average of the two extrapolated values would give a re¬ 
liable value for the total volume change in each experiment. 

Those average values for the total change were used to obtain the half¬ 
period from the large scale semi-logarithmic plots. It was considered that 
the reciprocal of the half-period was a better measure of the reaction veloc¬ 
ity than the apparent initial slope of the direct plot, since in obtaining the 
latter there was always uncertainty as to whether the points used were 
really on the straight part of the curve. 

The half-period may be translated into a unimolecular velocity coefficient 
by the use of equation 3, jput such coefficients arc without theoretical 
significance in the case of invertase experiments because the reaction does 
not follow the unimolecular law. 

RESULTS AND DISCUSSION 

The results of the principal experiments are summarized in tables 1 and 
2. Each figure is the mean of those obtained from concordant duplicate 
experiments. 
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Hydrolysis by acid 

The data of table 1 indicate that for each concentration of sucrose the 
velocity constant increases "with the acid concentration, but that the 
increase is more than proportional. This variation is exhibited in figure 1, 
in which the ratios of velocity constant to acid concentration are plotted 
as functions of the acid concentration. Each curve is marked with the 


, TABLE 1 

ReUe and extent of contraction in volume of sucrose-hydrochloric acid solutions at SB°C. 


BUCBOBB FBR 

100 CC. or 

BOLCTXON 

HCl PER LITER 

OP SOLUTION 

veloctty constant 
(base 10) X 1000 

BALP-PERIOO 

total contraction 

PER l&OLE OP 
SUCROSE 

gravM 

moles 

1000/mtnulea 

minutes 

CC. 

2 

0.0972 

0 325 

926 

6 77 

2 

0.486 

1.95 

154.4 

6 63 

2 

0.972 

4 95 

60 8 

6 44 

5 

0.0953 

0.330 

912 

6.62 

0 

0.486 

2.04 

147.5 

6.45 

6 

0.972 

5.15 

58.4 

6 25 

10* 

0.0952 

0.343 

877 

6.49 

10 

0.486 

2.15 

139.8 

6 31 

10 

0 952 

5.26 

57 2 

6.14 


* Not done in duplicate. 


TABLE 2 


Rate and extent of contraction in volume of sucrose-invertase solutions at i6°C. 


BXTCROSB PER 

100 CC. OF 

SOLUTION 

invertabe per 

100 cc of solution 

ACIPITY 

half-period 

TOTAL contraction 
PER MOLE OF 
SUCROSE 

grams 

cc. of stack sdution 

pH 

minutes 

ec . 

2 

0.4 

4.67-4.70 

344 

6.82 

2 

1.0 

4.67-4.70 

138.7 

6.85 

2 

2.0 

4.67-4.70 

68.7 

6.91 

5 

1.0 

4.67-4.70 

296 

6.67 

5 

2.5 

4 67-4.70 

117.1 

6.70 

5 

5.0 

4.67-4.70 

58.5 

6.76 

10 

2.0 

4.67-4,70 

316 

6.52 

10 

5.0 

4.67-4.70 

125.2 

6.58 

10 

10.0 

4.67-4.70 

62.8 

jg - 

6.59 


initial sucrose concentration in grams per 100 cc. The points indicated 
as half-inked circles represent the polarimetric data of Lamble and Lewis 
(6) for 10 per cent sucrose solutions at 25“C. The agreement of their 
data with ours is a satisfactory indication that the two methods measure 
the velocity of the same reaction. 

Figure 2 shows the constancy of the unimolecular velocity coefficient 
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throughout the course of the volume change in individual experiments. 
The abscissas represent the percentage of the total contraction occurring 
in the time t, and the ordinates are the values of 1000 k, calculated from the 
iinimolecular law, equation 2. It is evident from figure 2 that there is no 



Fig. 1. Effect of Acid Concentration on the Rate of Contraction of Sucrose- 
Hydrochloric Acid Solutions 




Fig. 2. Applicability of the Unimolecular Law to the Kinetics or the Con¬ 
traction of Sucrose-Hydrochloric Acid Solutions 
Fig. 3. Effect of Invertase Concentration on the Rate op Contraction of 
Sucrose-Invertase Solutions 

trend in the successive values of A, and that they are constant within 0.5 
per cent or better. 

Hydrolysis hy invertase 

When the hydrolysis of sucrose is catalyzed by invertase, it has been 
found in polarunetric experiments that the reaction velocity is closely 
proportional to the concentration of the enzyme (7,12,11). The data in 
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table 1 and figure 3 show that this simple relation is also true for the rate 
of the volume change, if the rate is taken as proportional to the reciprocal 
of the half-period. Such exact proportionality could not be obtained, 
however, by using the apparent initial slopes as a measure of the reaction 
velocity. On this basis the velocity of the faster reactions appeared to fall 
below the line of proportionality, which indicates that the slopes used were 
too small. 

The effect of the initial sucrose concentration on the velocity of hydrol¬ 
ysis by invertase has usually been expressed by plotting the actual velocity, 
in degrees of change in rotation or amount of sucrose hydrolyzed in unit 
time, against the initial concentration. The curves so obtained show that 
the velocity at first increases rapidly with the concentration, but reaches a 
rather flat maximum at concentrations of about 5 to 10 g. of sucrose per 



Fio. 4 Fig. 5 

Fig. 4. Effect op Initial Sucrose (Concentration on the Relative Rate of 
Contraction of Sucrohe-Invehtase Solutions 
Fig. 5. Effect op pH on the Relative Rate of Contraction op Sucrose- 

Invbrtase Solutions 

100 cc. (8,12,9). The data for each experiment in table 2 were translated 
into similar units by dividing the initial sucrose concentration by the 
product of the half-period and the invertase concentration, and then re¬ 
duced to relative velocities by dividing by the maximum velocity. The 
effect of the initial sucrose concentration on the relative velocity is shown 
in figure 4, in which the full circles represent the dilatometric data and the 
half-inked circles represent the polarimetric experiments of Nelson and 
coworkers* (12, 9). Except for the point for 10 per cent sucrose, the dila¬ 
tometric data agree with the polarimetric fully as well as the two sets of 
polarimetric dafta agree with each other. 

The effect of pH on the velocity of the volume change during the hydrol- 

* In Nelson and Bloomfield’s table 1 (ref. 9, p. 1027), the tliird figure in the 
fourth column should be 0.985 instead of 0.085. In Nelson and Vosburgh’s table 6 
(ref. 12, p. 803), the last figure in the last column should be 0.0118 instead of 0.0085. 
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ysis by invertase was studied by additional experiments not shown in 
table 2. The pH was varied by the use of buffers of secondary sodium 
citrate and hydrochloric acid or sodium hydroxide, the total citrate con¬ 
centration being 0.01 M in each reaction mixture. The sucrose concentra¬ 
tion was 5 g. per 100 cc., and the invertase concentration was 5 cc. per 100 
cc. The reaction velocities were expressed as reciprocals of the half¬ 
period, and reduced to relative velocities by dividing by the maximum 
velocity. Figure 5 shows the effect of pH on the relative velocity. Here 
the half-inked circles represent the dilatometric data, while the full circles 
represent polarimetric data of Nelson and Bloomfield (9). Th(^ two 
m(‘thods give the same optimum zone of pH values, about 4.5 to 5.0, but 
the velocities of the volume change appear to fall off less sharply with 
changes in acidity than those obtained by the polarimeter. This may be a 
real difference in the results of the two methods, or it may conceivably be 
due to peculiarities of the different invertase preparations. It is not due 
to the fact that Nelson and Bloomfield^s experiments were done with 10 
per cent sucrose solutions, for an additional set of dilatometric experiments 
with this concentration gave results very similar to those shown for the 5 
per cent solutions.^ 

The kinetics of the volume change in the individual experiments were 
found to be like that of the chemical change, as determined by the polari¬ 
meter, in that the unimolecular velocity coefficients increased with time 
throughout the greater part of the reaction. It was possible also to 
reproduce with the dilatometcr the peculiarity recently described by White 
(16), who found in polarimetric experiments with invertase that the uni- 
molecular velocity coefficient passed through a maximum and decreased 
after the reaction was 90 to 96 per cent complete. 

Several equations which have been proposed by various workers (5, 8, 
11,3, 16) to represent the kinetics of invertase action were applied to the 
dilatometric data, but none of them was found to give an accurate descrip¬ 
tion of the whole co\irse of the volume change. This was not surprising, 
for even if an equation did represent the tnie course of the hydrolysis, it 
would probably not fit the course of the volume change, because the latter 
includes the effect of mutarotation. 

Variations in the total volume change 

One unexpected result of the present investigation was that the total 
decrease in volume during the hydrolysis of a given amount of sucrose 

* Professor J. M. Nelson (private communication) writes that the difference 
between the two curves of figure 5 in the more acid region is to be expected, since 
Dr. E. L. Saul, working at Columbia Univerait}', has been able to vary this branch 
of the curve at will by dilution of certain invertase solutions or by adding extraneous 
material. 
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appeared to vary with the concentration of the catalyst. Moreover, the 
total volume change was Qot exactly proportional to the initial sucrose 
concentration. This is contrary to the conclusions of previous workers 
(15, 14). The last columns in tables 1 and 2 give the extent of the total 
decrease in volume observed from the beginning to the end of each reaction, 
expressed as cubic centimeters per mole of sucrose initially present. These 
data are plotted against the concentrations of catalyst in figure 6. It will 
be observed that the total change is practically a linear function of the 
concentration of the catalyst, and that it increases with the concentration 
of invertase, but decreases with the concentration of hydrochloric acid. 
This decrease may possibly be connected with the onset of the secondary 
reaction, which was inferred from the slow ultimate increase in volume 
observed in the experiments with 0.5 and 1.0 M acid. No explanation has 
been found for the less marked increase in the total change observed as the 
concentration of invertase was increased. The constancy of the end point 



Fig. 6. Vaeiation of the Total Extent of Contraction with the Concentra¬ 
tion OP THE Catalyst in Sucrose Solutions Containing Invertase or 

Hydrochloric Acid 

Fig. 7. Variation op the Total Contraction, Extrapolated to Zero Concen¬ 
tration OF Catalyst, with the Initial Sucrose Concentration 

in these experiments left nothing to be desired, and the extrapolated values 
for the initial readings are believed to be reliable, for the reasons already 
given. In polarimetric experiments, it has always been found that the 
total change in rotation is independent of the invertase concentration, and 
it is generally believed that the hydrolysis always proceeds to completion. 

The trend of the points plotted in figure 6, however, lends support to a 
belief in the reality of the variation of the total volume change, because for 
each sugar concentration the line for acid hydrolysis and that for invertase 
hydrolysis give nearly the same extrapolated value for the total volume 
change per mole of sucrose at zero concentration of catalyst. Moreover, 
these extrapolated values show a regular trend with changes in the initial 
sucrose concentration, as shown in figure 7. This figure indicates that the 
volume change accompanying the complete hydrolysis of 1 mole of sucrose 
in an infinitely dilute solution, with an infinitely small concentration of 
catalyst, would be about 6.92 cc. This value should correspond to the 
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difference in volume, under these ideal limiting conditions, between 1 mole 
of sucrose plus 1 mole of water, and 1 mole each of glucose and fructose, 
after complete mutarotation, at 25®C. 

This figure for the volume change at infinite dilution is supported by the 
following calculations. Riiber (13) found the apparent molar volume of 
equilibrium glucose at infinite dilution to be 111.06 cc. at 20°C., and that of 
fructose to be 110.03 cc. The corresponding figure for sucrose has been 
determined from the density data, also for 20®C., given fn the International 
Critical Tables. A plot of the apparent molar volumes against concen¬ 
tration showed considerable curvature at concentrations below 5 per cent, 
with a point of inflection at about 1.5 per cent. If the curve is extrapolated 
from the points for 5 to 25 per cent sucrose, the molar volume at infinite 
dilution appears to be 210.2 cc., while if the curve is drawn through points 
for concentrations as low as 0.5 per cent, it appears to be 209.8 cc. Hence 
this figure may be taken as 210.0 dh 0.2 cc. Since 1 mole of water at 20°C. 
occupies 18.05 cc., the contraction on the complete hydrolysis of 1 mole of 
sucrose at 20°C. and at infinite dilution is calculated to be 210.0 (±0.2) + 
18.05 — 111.06 — 110.03, or 6.96 ± 0.2 cc. This agrees much better with 
the figure found in the present investigation, 6.92 cc. for 25*^C., than does 
the earlier figure of 6.0 cc. for 30°C., reported by Rona (14) and by Sreeni- 
vasaya (15). It should be added that the latter authors did not extrap¬ 
olate to infinite dilution, as they found no definite change of the contrac¬ 
tion per mole with changes in concentration. 

SUMMARY AND CONCLUSIONS 

The rate and extent of the contraction in volume accompanying the 
hydrolysis of sucrose in solutions containing yeast invertasc or hydrochloric 
acid were measured in dilatometers at 25®C. The volume change in the 
sucrose-hydrochloric acid solutions was strictly unimolecular, and the 
velocity constants agreed with those obtained polarimetrically by others. 
The rate of the volume change in sucrose-invertase solutions, as measured 
by the reciprocal of the half-period, was directly proportional to the con¬ 
centration of invertase. The characteristic effects of sucrose concentration 
and pH on the velocity of invertase action were approximately the same in 
the dilatometric experiments as in the polarimetric experiments of earlier 
workers. 

The total contraction per mole of sucrose, when the hydrolysis was 
allowed to go to completion, varied regularly with the concentrations of 
catalyst and of sucrose, the extreme values observed being about 6.1 and 
6.9 cc. From an extrapolation of these values, it was inferred that the 
complete hydrolysis of 1 mole of sucrose at infinite dilution, to form glucose 
and fructose in mutarotation equilibrium, would be accompanied by a 
decrease in volume of about 6.92 cc. at 25®C. 

It is concluded that the dilatometric method may be used with confidence 
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in place of the polarimetric method in studying the hydrolysis of sucrose in 
acid solutions, and that it may also be used in studying invertase action to 
get a measure of the activity, under optimum conditions, of preparations of 
yeast invertase. 
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INTRODUCTION 

The experimental difficulties of measuring Joule-Thomson coefficients 
are great and, until fairly recently, too few thermodynamic data {P-V-T 
and specific heat) of mixtures of gases were available to calculate these 
coefficients. Although such calculations are tedious, there is little doubt 
but that th(' results obtained are certainly as accurate as engineering cal¬ 
culations of design require, and, in many cases, the accuracy of vsuch cal- 
(‘ulations comi)ares favorably with that of experimental! y measured values. 

It is the purpose of this paper to present the results of some calculations 
of the Joule -Thomson coefficients of methane, nitrogen, and mixtures of 
these gases. The calculations were made originally because of the small 
amount of actual experimental data available in this field. For the same 
reason the method will become increasingly important as the liquefaction 
of gases plays a continually greater role in industry. This is particularly 
true because of the large number of gases to which it may be applied. 

THEORETICAL 

It is well known that the Joule-Thomson effect, or any other thermo¬ 
dynamic property of a substance, can be readily evaluated if, first, an 
accurate equation of state representing the pressure-volume-tempera¬ 
ture data of the substance is available, and second, if the variation of a 
pertinent thermal property with temperature is known. 

Probably the most accurate and widely applicable equation of state 
proposed to date is that of Beattie and Bridgeman (3), which reproduces 
the experimental data of fourteen gases to within 0.1 to 0.2 per cent over a 
wide range of temperature and pressure. This equation is: 

p . (V + B)- 


where A = Ao 
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and i4o, a, So, and c 
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are constants specific for each gas, V is volume, P is the pressure, T is ^he 
temperature, and R is the gas constant. 

In this equation, as in the rest of this paper, the units used are: volume 
in liters per mole, pressure in atmospheres, and temperature in degrees 
Kelvin. 

Bridgeman (6) utilized this equation of state in deriving an expression 
for the Joule-Thomson effect based on the thermodynamic relationship 



As a check of this equation he calculated the values for air, and showed that 
the agreement with the observed values was excellent. 

However, this equation was unwieldy and calculations with it were 
tedious. This led Beattie (2) to attempt several approximations which 
simplified considerably the final equation without impairing appreciably 
the accuracy, as was proved by recalculating the values of ju for air. 

This latter equation is that used in this paper, since it was sufficiently 
accurate and was much more convenient to use. The equation is: 

n ( n \ 2Ao I 4c \ /2Bob SAoCi 5Boc\ p 

IxCp - + - _ -1- —J P 

where n is the Joule-Thomson coefficient, Cp is the specific heat at constant 
pressure, and Ao, a, Bo, b, c, R, T, and P are as in the Beattie-Bridgeman 
equation of state. 


CALCULATIONS 

The constants Ao, o. Bo, b, and c were calculated for methane and nitro¬ 
gen by Beattie and Bridgeman and presented in one of their original 
articles (4). A method of obtaining these constants for mixtures of gases 
from the constants for the pure gases has been evolved by Beattie (1) and 
Beattie and Ikehara (5). This is quite simple and merely involves the 
linear combination of the a’s, Vs, c’s, and Bo’s, and squaring the linear 
combination of the square root of the Ao’s. 

The constants calculated in this way are as given in table 1. 

The constants for the pure ga.ses are those used by Beattie (1) when he 
showed that the above method of combining constants held for the nitro¬ 
gen-methane mixtures. Beattie and Bridgeman had also proposed another 
set of values for nitrogen. Several calculations showed that either set 
would have been sufficiently exact for the present purpose. 

The equation of state for methane reproduced the observed pressures 
with an average difference of 0.05 per cent over a range of 0 to 200*C. and 
up to 243 atmospheres. That for nitrogen gave an average deviation of 
0.04 per cent in the same temperature range and up to 213 atmospheres. 
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The sole remaining requirement for the calculation of the Joule-Thorn- 
son coefficients is a knowledge of the value of Cp for the pure gases and for 
the mixture of gases. 

Eastman (7) has collected the specific heat data for a number of gases 
and formulated empirical equations of the form, 

Cp ^ a + fiT + yT^ + .... 

to reproduce these data. For methane and nitrogen they are as follows: 
for methane, Cp = 5.90 + 0.0096r; for nitrogen, Cp = 6.76 + 0.0006067 
+ 0.000000137^. The equation for methane is accurate to only about 5 
per cent in the range 150 to 400°K.; and that for nitrogen to about 1.5 per 
cent in the range 300 to 2500°K. 

TABLE 1 


Constanta calculated for mixtures of methane and nitrogen 


Mole per cent 

CH*. 

Mole per cent Ns. 

100 

0 

76 

25 

50 

50 

25 

75 

0 

100 

A . 

2.2769 

1 9575 

1 6622 

1.3910 

1.1440 

a . 

0 01&55 

0 01838 

0 01822 

0 01805 

0 01788 

B . 

0 05587 

0 05269 

0 04951 

0 04633 

0 04314 

b . 

-0.01587 

0 01592 

[ 0 01598 

0 01603 

0.01608 

c . 

12 8 X 10* 

11 02 X 10* 

9 22 X 10* 

7 41 X 10* 

5.60 X 10* 

R . 

0 08206 

0 08206 

0 08206 

0 08206 

0.08206 


Cpf calculated by these ecpiations, is expressed in calories per mole. 
The factor, 0.0413 liter-atmospheres per calorie, was used to express Cpin 
liter-atmospheres. The final equations are then: 

Methane: Cp = 0.244 + 0.0003967 

Nitrogen: Cp = 0.279 + 0.00002507 + 0.00000000547^ 

By means of linear combination of the coefficients in these equations similar 
equations for the gas mixtures can easily be obtained. 

The calculation of the Joule- Thomson coefficients at atmospheric pres¬ 
sure then becomes relatively simple. However, to calculate the coefficients 
at other pressures it is necessary to evaluate Cp at these pressures. This can 
be done by means of another equation derived by Beattie (la) from thermo¬ 
dynamic relations and the Beattie-Bridgeman equation of state. This 
equation is: 



where Cp is the specific heat at absolute temperature 7 and at pressure P , 
Aq, c, and R are as in the Beattie-Bridgeman equation of ^ state, and C* 
is a constant for the given temperature. 
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C* must be calculated for each temperature at which it is desired to 
evaluate Cp. This is easily done, since Cp can be calculated from the usual 
equations at 1 atmosphere, after which substitution will permit solving for 
(7*. With Cp known for a certain temperature, Cp can be evaluated for 
any pressure at this temperature. This same method applies to gas mix¬ 
tures if the constants for the Beattie-Bridgeman equation of state and the 
Cp equations are known. 

These calculations of the Joule-Thomson coefficients can be systematized 
so that the process is not so long and tedious as it would at first appear to be. 

DISCUSSION OP RESULTS 

The results with the pure gases and the three mixtures are given in 
table 2. The lower temperatures are outside the range for which the 
original equations were derived, but it is believed that because of the ex¬ 
cellent agreement between the observed and the calculated P-V-T data 
in the given range the extrapolation does not introduce serious error when 
taking into account the accuracy of the calculations as a whole. 

The original calculations were made principally for engineering purposes, 
so that the accuracy of the calculated values did not have to be of an 
extremely high order. The accuracy in the calculations was limited by 
the accuracy of the available specific heat equations, which, in the case 
of methane, was not very great. 

Pure gases 

For the purpose of comparison, the few available data on the Joule- 
Thomson effect for methane and nitrogen are given below. The agree¬ 
ment between the observed and calculated data for methane is quite good, 
but that for nitrogen is very poor. Inasmuch as the equation of state for 
nitn^en fitted the P-V-T data so well and gave such good rasults in the 
calculations of the equations of state of mixtures, it is believed that the 
older observed data are probably at fault. Because of the difficulty of the 
experimental determinations of Joule-Thomson coefficients this is not 
surprising. 

Gas mixtures 

An examination of the equations for the Joule-Thomson coefficients will 
reveal the fact that with the given method of combining constants the 
coefficients for gas mixtures should be obtainable for most purposes by a 
linear combination of the coefficients of the pure gases. An examination 
of table 2 will indicate that this is true within the accuracy of the calcula¬ 
tions. 

USE OP FIGURES 1 AND 2 

The isotherms for the pure gases are given in figures 1 and 2. To esti¬ 
mate the Joule-Thomson coefficients for any mixture, it is only necessary 
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TABLE 2 

Joule-Thomson coefficients of nitrogen-methane mixtures 


JOl'LB-THOMSON COEFFICIENTS 


ATMOSPHERES 

200“ K 

260‘’K 

300“K 

350" K 

400"K. 

(a) 100 per cent CH 4 

1 

0 88 1 

0 58 

0 41 

0 30 

0 23 

5 

0 S.') 

0 57 

0 40 

0 30 

0 22 

25 

0 73 

0 51 

0 37 

0 28 

0 21 

50 

0 62 

0 46 

0 34 

0 26 

0 20 

100 

0 46 

0 37 

0 28 

0 22 

0 17 


(b) 75 per cent and 25 per cent N 2 


1 

0 77 

0 50 

0 36 

0 26 

0 20 


0 74 

0 49 

0 35 

0 26 

0 19 

25 

0 65 

0 45 

0 33 

0 24 

0 18 

50 1 

0 55 

0 40 

0 30 1 

0 22 

0 17 

100 

0 41 

0 34 

0 25 

0 19 

0 15 


(c) 50 per cent C’H 4 and 50 per cent 


1 

0 65 

0 43 

0 31 

0 22 

0 17 

5 

0 64 

0 42 

0 30 

0 22 

0 16 

25 

0 56 

0 39 

0 26 

0 21 

0 15 

50 

0 *18 

0 35 

0 26 

0 19 

0 14 

100 

0 37 

0 28 

0 21 

0 16 1 

0 12 


(d) 25 per cent Cil 4 and 75 per cent Na 


1 

0 54 

0 36 

{) 2.5 

0 18 

0 14 

5 

0 53 j 

0 35 

0 25 

0 18 

0 13 

25 

0 47 

0 33 

0 23 

0 17 

0 13 

50 

0 41 

0 29 

0 21 

0 16 

0 11 

100 

0 32 

0 24 

0 17 

0 13 

0 09 


(c) 100 per cent N 2 


1 

0 44 

0 29 

0 20 

0 15 

0 10 

5 

0 43 

0 28 

0 20 

0 14 

0 10 

25 

0 38 

0 26 

0 18 

0 13 

0 09 

50 

0 33 

0 23 

0 17 

0 12 

0 08 

100 1 

0 26 

0 19 

0 14 

0 10 

0 07 


Joule-Thomson effect data from International Critical I'ablesj VoL F, pp. 144-6 


For CH 4 , /i = ^ ~ 4/p — 1 in %\ per atmosphere ± ca. 0.05 


P . 

25 

17 



14 6 

1 

ii in ... 

-77 

-78 



-78 

-10 


0 75 

0.75 



0 74 

0 35 


For Ns, M in °C. per atmosphere 


T.. 

0 

20 

40 

60 

80 1 

100 


0 333 

0.291 

0 250 

0 215 

0 187 

0.159 
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ZP 90 _ ^ so (lO TD 60 

- A;rf40»n4«c»» 

Fig. 1. The Joulb-Thomson Effect for Methane 



-ao-30——To-55-<25-15 5o 

- AcrMQ«n46«»* 

Fig. 2. The Joulb-Thomson Effect for Nitrogen 
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to combine linearly the values for the pure gases as obtained from these 
curves. Since m is the change of temperature with pressure, a positive 
sign indicates that a decrease in pressure will be accompanied by a decrease 
in temperature. 


CONCLUSIONS 

The Joule-Thomson coefficients of methane and nitrogen have been 
calculated at the temperatures 200, 250, 300, 350, and 400°K. and pres¬ 
sures of 1, 5, 25, 50, and 100 atmospheres, using the Beattie-Bridgeman 
equation of state. A method of obtaining the coefficients for mixtures of 
these gases from those of pure gases has been indicated, and data for three 
mixtures of these gases have been calculated and tabulated. 
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Sabatier and Mailhe (8) were the first to indicate the possibility of 
obtaining alkylamines by the interaction of alcohol and ammonia in the 
presence of such dehydrating catalysts as thoria or alumina. Subse¬ 
quently, many investigators studied quantitatively the process of the 
catalytic alkylation of ammonia. 

Eug. and Kaz. Smolensky (9) passed ammonia gas and vapors of ethyl 
alcohol over alumina at temperatures of 330-350®C. and obtained a mix¬ 
ture of three amines with a yield of 53 per cent, based on the ethyl alcohol 
that had entered the reaction, and, as by-products, ethyl ether and ethyl¬ 
ene. When the molecular ratio NHa:C*H80H was 1:2, the mixture con¬ 
sisted of 15 per cent of mono-, 70 per cent of di-, and 15 per cent of tri- 
mcthylaminc. 

Brown and Reid (3) studied the joint catalytic dehydration of ammonia 
and methyl, ethyl, n-propyl, and n-butyl alcohols. These authors tried 
not only individual catalysts, such as blue tungsten oxide and silica gel, but 
also mixed catalysts, such as the following: alumina on pumice, mixtures 
of silica gel and nickel oxide, cerium oxide on pumice, and mixtures of 
silica gel and thorium oxide. The best catalyst among those mentioned 
above proved to be a silica gel prepared in a special way. At 465®C., mth 
this catalyst, 39.5 per cent of ethyl alcohol was converted into a mixture 
of amines in the ratio 2:5:3. 

Dorrell (4) studied the influence of temperature, contact time, and ratio 
of ethyl alcohol to ammonia in the presence of alumina. The best yield 
was obtained at 344®C. In runs where a relatively large amount of alcohol 
was taken, there was an increase in the yield of the secondary amine. A 
decrease in the velocity of the initial products (an increase of the contact 
time) led to a decomposition of the amines into ammonia and ethylene. 

A similar investigation was carried out with methyl alcohol by Briner 
and Gandillon (2). The authors studied the catalytic activity of alumina, 
thoria, silica gel, kaolin, and blue tungsten oxide. The catal 3 ^t 8 are re- 
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ported in the order of their decreasing activity in the reaction of the 
methylation of ammonia. In the presence of alumina at 405°C., with a 
volume ratio NHjiCHaOH = 2.25:1, a mixture of amines was obtained 
with a yield of 52.7 per cent. The content of the different amines in the 
mixture was as follows: methylamine, 43 per cent; dimethylamine, 36 per 
cent; and trimethylamine, 31 per cent. A decrease in the contact time 
led to an increased 3 deld of the primary amine and to the decomposition of 
the secondary and tertiary compounds. 

All the authors quoted above have investigated only the action of in¬ 
dividual catalysts. Only in a few separate runs by Brown and Beid (3) 
have mixed catalysts been tried. The most effective one proved to be a 
mixture of silica gel and thoria. Up to now there have been no investiga¬ 
tions dealing with the comparative action of mixed catalysts in the alkyla¬ 
tion reaction of ammonia by means of alcohols. 

The present investigation had for its purpose the study of the dehydrat¬ 
ing action of mixtures, consisting of alumina and of iron, chromium, tin, 
and zinc oxides, and the comparison of the activity of these mixtures with 
that of pure alumina, which has proved to be, according to former investi¬ 
gations, a highly active catalyst for the dehydration of the system alcohol- 
ammonia. 

It seemed interesting also to find out how catalysts consisting of alumina 
and of tin or zinc oxide would behave in this case, taking into consideration 
that the latter two substances in a pure state are catalysts of complex 
action, with a considerable predominance of dehydrogenating over dehy¬ 
drating properties. 

In the present paper, the following catalysts were investigated:* (1) 
alumina; (2) AljO* (90 per cent) -f Fe 203 (10 per cent); (3) AbOs (80 per 
cent) 4- Cr208 (20 per cent); (4) AUOs (90 per cent) -f SnO (10 per cent); 
(5) AI 2 O 8 (90 per cent) + ZnO (10 per cent). 

In our former investigation, dealing with the hydration of diethyl ether 
under pressure (1), mixtures of zinc and iron oxides with alumina proved 
to be more active than pure alumina. 

EXPERIMENTAL FART 

A. Preparation of catalysts 

Aluminum hydroxide and the mixture consisting of aluminum hydroxide 
(90 per cent) and iron hydroxide (10 per cent) were prepared as described 
in a previous paper dealing with the hydrolysis of diethyl ether (1). The 
catalyst, consisting of AI 2 OJ (80 per cent) and Cr 20 » (20 per cent), was pre¬ 
pared by precipitating a solution containing 750.3 g. of A1(N02)»'9H20 


* All the oxides used were hydrated oxides. 
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and 134.2 g. of Cr(N 03 ),r 9 H 20 with a 25 per cent solution of ammonium 
hydroxide, the mixture being vigorously stirred all the time. 

The catalyst containing AI 2 O 3 (90 per cent) and SnO (10 per cent) was 
prepared as follows: To a solution of 664.4 g. of Al 2 (S 04 ) 3 . 18 H 2 O and 18.1 
g. of SnS() 4 , sodium hydroxide was added with stirring until the dissolution 
of the hydroxides that appeared at first. Then sulfuric acid was added 
until the disappearance of the alkaline reaction to litmus. 

In order to obtain the catalyst consisting of AI 2 O 3 (90 per cent) and ZnO 
(10 per cent), two separate solutions were prepared, one containing 750.3 
g. of A 1 (N() 3)3 *91120, and the other 41.4 g. of Zn(N 03 ) 2 * 6 H 20 . These two 
vsolutions were added separately to a concentrated solution of sodium hy¬ 
droxide until the precipitates completely disappeared. The aluminate 
and zincate solutions were then mixed together and nitric acid added to the 
mixtuH' until the alkaline reaction to litmus disappeared. 

In the preparation of all of these catalysts, the precipitates were carefully 
washed with hot water until a negative test for the corresponding anion 
was obtained, then they were dried at 150°C. and fragments of the size of 
an average ])ea were used. 

B, Experiments on joint dehydration of ammonia and ethyl alcohol 

These experiments were carried out at temperatures of 300,330,360, and 
400®C. The apparatus consisted of a glass reaction tube, having a diame¬ 
ter of 15 mm., and placed in an electric furnace. The catalyst, dried at 
150°C., was packed in a 30-cm. section of the tube. 

The alcohol was added from a graduated buret, and the ammonia (Scher- 
ing-Kahlbaum) was taken from a bomb and passed first through a flask 
filled with lumps of sodium hydroxide for drying purposes. The rate at 
which the ammonia was added was measured by a flowmeter filled with 
alcohol. In different runs this rate varied from 55 to 60 cc. per minute. 
The alcohol was added in all runs at a rate of 1.6 cc. per 10 minutes. 
Twenty cubic centimeters of alcohol was passed over the catalyst in each 
run. The molecular ratio NH 3 :C 2 H 60 H was about equal to 1 . 

The condensate was collected in three consecutive receivers. The last 
two were provided with coils and placed in a cooling mixture. The gases, 
after passing the last receiver, were collected in a graduated gasometer 
over water, where their volume could be measured with a precision up to 
5 cc. The largest amount of condensate was collected in the first receiver. 

Products obtained in the experiments with the catalysts AbOa + CraOa 
and AI2O3 + ZnO at 360 and 400°C., had a characteristic odor of pyridine 
bases. Probably in the above experiments there was a side reaction con¬ 
sisting in the dehydrogenation of alcohol with the formation of the corre¬ 
sponding aldehyde, and this aldehyde condensed with ammonia giving 
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a- or ^picolines. These products were obtained imder similar conditions 
by Tschitschibabin (10). 

C. The analysis of reaction products 

The analysis of the reaction products was effected by using a modification 
of the methods of Francois (6) and Erdmann (5). All the condensate was 
neutralized with dilute (1:1) hydrochloric acid under cooling. The con¬ 
densate from those receivers that had been cooled during the experiment 
was distilled into a flask containing dilute acid (figure 1), first by heating 
each receiver with the hand and then by heating on a warm water bath. 
The liquid that did not distil under these conditions was neutralized in the 
receiver. 

The solution of amine hydrochloride was placed in a citrate bottle of 
400-cc. capacity, and a mixture consisting of equal volumes of a saturated 



soda solution and a 20 per cent sodium hydroxide solution was added in 
excess. Then 70 g. of ground yellow mercuric oxide was also added to the 
mixture. The mixture was shaken on a mechanical shaker for one hour 
and then was left standing for twenty hours. The solution was filtered 
from the precipitate and the latter was washed three times with small 
quantities of water. 

The mixture of amines was distilled and collected in a 0.2 N hydro¬ 
chloric acid solution; the excess of acid was titrated with a 0.1 iV sodium 
hydroxide solution in the presence of methyl red. 

In all experiments only the total amine content was determined. The 
catal 3 rst was heated before the experiment to 400®C. until the elimination 
of water ceased, and then before every experiment ammonia was passed 
over the catalyst for thirty to forty minutes. 
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DISCUSSION OF RESULTS 

The results of our exptTiments on the joint catalytic dehydration of ethyl 
alcohol and ammonia arc reported in table 1. The catalysts are given in 
the first column in the order of their decreasing activities for this process at 
400®C. In the second column the temperature of the experiments is re¬ 
ported. In the third the yields of the amines, expressed in cubic centi- 


TABLE 1 

Catalytic dehydration of ethyl alcohol and ammonia 


CATALYBT 

TBMPEKA- 
TtJRE OF 
THE EXPERI¬ 
MENT 

AMOrNT OF 

0 1 N HCl 

USED FOR 
THE NEU¬ 
TRALIZATION 
OF THE 

ALCOHOL 

DECOMPOSED 



AMINES 



“C. 

cc. 

per cent 

( 

300 

516 7 

8 9 

AUO 3 . 1 

330 

520 9 

12 6 

360 

570 3 

15 9 


400 

727.7 

23 5 

f 

300 

82 0 

1 8 

AI 2 O 3 (90 per cent) -f- Fe 20 .< (10 per cent) . . s 

330 

215 5 

2 6 

[ 

360 

579 0 

3 9 

AI 2 O 3 (90 per cent) -|- re 203 (10 per cent). 

400 

725 8 

12 5 


300 

90 3 

2 0 

AI 2 O 3 (90 per cent) -f ZnO (10 per cent) ^ 

330 

360 

96 0 
247.4 

4 3 

9 6 


400 

319 2 

27 1 


300 

219 2 

4 0 

AI 2 O 3 (80 per cent) + Cr 203 (20 per cent) ^ 

330 

360 

287 7 
275 9 

12 3 

46 6 


400 

195.4 

70 2 


300 

283 7 

1 5 

AbOa (90 per cent) + SnO (10 per cent) . . 

330 

360 

300 9 
408.6 

4 0 

11 6 


400 

141 6 

41.1 


meters of a 0.1 iV hydrochloric acid solution that was used for the neu¬ 
tralization of these amines. In the fourth column the decomposition of 
the alcohol is expressed in percentage calculated on the basis of the gas 
collected in the gasometer. 

From table 1 we may see that the mixed catalysts used by us, if com¬ 
pared with pure alumina, do not seem to accelerate the reaction of ethyla- 
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tion of ammonia with ethyl alcohol. The only exception is the mixture 
AljOj + FejOa, which at 360“C, as well as at 400°C. gives practically the 
same yield as pure alumina. Besides, it is necessary to note the small 
activity of this catalyst in the decomposition of alcohol. This fact dis¬ 
tinguishes it in the process from all other catalysts. 

In the case of pure alumina and a mixture of the latter with ferric oxide 
and zinc oxide, the jdeld of amines in the interval between 300 and 400°C. 
increases with the rise of temperature, whereas in the case of the catalyst 
AljOs 4- SnO a maximum 3 deld was obtained at 360'’C., and in the case of 
AUOs -|- Cr20j at 330°C. The latter catalyst showed at 360 and 400°C. an 
extremely high activity in the direction of alcohol decomposition, and a 
small activity in the ethylation of ammonia. 

The catalysts can be arranged as follows in order of their decreasing 
activity in the reaction of the decomposition of alcohol at 400‘’C.: AhOs 
-|- CrjOsj AljOj -f- SnOj AhOs -f- ZnOj AljOsj AUOs -|- FcsOs. 

As we should have expected, the percentage of alcohol decomposition 
increases with the rise of temperature. In the case of alumina this increase 
is almost a linear function. 

According to Sabatier (8; cf. ref. 7), if we have pure alumina or pure 
chromium oxide and pass over them ethyl alcohol and ammonia, these 
catalysts will decompose ethyl alcohol only slightly with the formation of 
ethylene and water, because the chief reaction would be the formation of 
an amine. But when in our case we added to alumina 20 per cent of 
chromium oxide, the chief reaction was already the decomposition of the 
alcohol (at 360°C., 46.6 per cent; at 400°C., 70.2 per cent). 

Likewise, a catalyst consisting of alumina and 10 per cent of tin suboxide 
decreases the rate of the reaction of ethylation of ammonia fivefold at 
400“C., and increases the decomposition rate of the alcohol nearly twice. 

Alumina to which 10 per cent of zinc oxide has been added lowers con¬ 
siderably the rate of both possible processes,—^the ethylation of ammonia 
as well as the decomposition of the alcohol—particularly in the interval 
300-330“C. 

The catalyst consisting of alumina to which 10 per cent of iron oxide 
has been added influences the reaction of the ethylation of ammonia in the 
360-400°C. range, in the same way as pure alumina, considerably decreas¬ 
ing the process of alcohol decomposition (at 360°C., four times; at 400°C., 
nearly twice). 

The catalytic action of these mixed catalysts shows that their properties 
are different from the properties of oxides of which these mixtures are 
made, and also that apparently they can even change the direction of the 
reaction. 

The results thus obtained are of interest from still another point of view. 
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In a previous paper® it was shown that a great number of reactions could 
be expressed by means of structural matrices: 

^11 ^12 (plZ 

* <P2l (p22 (p2A 

(PZl (f>Z2 (p3Z 

where ^u, <^ 31 , <^ 33 , and ^13 correspond to atoms in the molecule that come 
in contact with the catalyst, v?i 2 , ^ 21 , <^ 32 , and ^23 correspond to bonds, and 
^22 ~ 0 . 

In a study of catalysis, one of the chief problems is to find a relation 
between these matrices (indexes) and the nature of the catalyst. 

Such a relation may really be observed, but it has been but very poorly 
traced in the case of a systematic change of separate elements. In our 
case we can select the following elements for comparison. These ele¬ 
ments are separate members of the complete system that was found 
previously; 

C—C N C O C 

II 11 II 

HO HO HO 

IIKjrS C/(IIKfl)3 IIKJ 3 1 

As may be seen, the difference consists only in the elements <pii (C, N, 
and 0 ), which change according to the order of their atomic numbers (the 
difference in cpiz has only a subordinate significance). 

For catalysts to be compared we take the type of mixed catalysts where 
one of the components is aluminum hydroxide, which, as is already known, 
facilitates the reaction having the index II Kn 3, and the other component 
is such a metallic oxide as catalyzes the dehydrogenation of alcohols: 

0—C 


t 7 (II Kl 2)U 

The latter index differs from index II K43 1 by the elements <pzz\ in IIK431, 
v? 8 s corresponds to an oxygen atom, and in the case of dehydrogenation 
^33 corresponds to a hydrogen atom. 

* The terminology in the present paper is taken from the article referred to (see 
Balandin: J. Phys. Chem. U. S. S. R. 5, 679-706 (1934). 

* Below the index its symbol is given; when multiplied by matrix 

0 0 1 

« 0 1 0 

1 0 0 

the index does not change, but only turns. 
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Experiments (1) have shown that such mixed catalysts accelerate con¬ 
siderably reactions belonging to class II K« 1 (ether hydrolysis). The 
reaction II K 17 3 (alcohol dehydration), it seems, is not sensitive towards 
the addition of dehydrogenating oxides to alumina. 

The reaction studied in the present paper, the joint dehydration of ethyl 
alcohol and ammonia, is one of the cases of index 17(1 K? 1), which occupies 
a middle position in the above-mentioned series. This applies not only 
to the first stage, the formation of a primary amine, but also to subsequent 
reactions,—to the formation of a secondary and tertiary amine: 


CH3 CH*-CHa 



-0 

Hj-CHs CHa-CHs 

N C 

1 1 

Ht-CH, CHj 

N C 

1 1 


1 I 

H 0 

H 

H i 

H 

1 I 
H t) 


Hr-CH, 

H 


In order that such a reaction may take place upon the same active cen¬ 
ters of the catalysts on which the alcohol dehydration reaction took place, 
it is necessary for the alcohol molecule to turn somewhat, i.c., to be oriented 

C 

in a different way, so that the places previou.sly occupied by atoms I 

H 

and now left free in the left part of the index, should be occupied by the 
N 

group I . It appears that in such a case the addition of dehydrogenating 
H 

oxides to alumina decreases the rate of the reaction, in contrast to the 
case of ether hydrolysis. In that instance we can see how profoundly 
specific is the action of a catalyst, even when the reactions are very similar. 
The introduction of a nitrogen atom instead of oxygen into the index 
already produces a perturbation in the catalytic activity. 

According to previous theories, the reactions of ether hydrolysis as well 
as of the amination of an alcohol were considered as representing one and 
the same type of reaction, namely, the reaction of addition or removal of 
water. It was considered that only the elements of water come into a 
temporary contact with the catalyst. From the point of view of these old 
theories it was not possible to expect a difference in the catal 3 rst action. 
From the point of view of the new theory, where the interaction of aU the 
atoms participating in the reaction is taken into consideration, such a 
difference cannot readily be unexpected. 

We should remark stiU further that the addition of iron oxide decreases 
the rate not only of reactions II Kf; 3, but also of an analogous reaction,— 
the splitting of the amine that was formed. 
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C—C 


n K?e4 

which differs from the former reaction only by (pss ((^33 corresponds to an 
oxygen atom in II K17 3, and to a nitrogen atom in II K?6 4). The specific 
action of the catalyst in this case is manifested just as sharply as in previous 
cases. 


CONCLUSIONS 

1. Mixed catalysts studied by us (except AI2O3 + Fe203 at 360°C. and 
400®C.), when compared to pure alumina, under the conditions of our ex¬ 
periments, decrease the reaction rate of the formation of amines from 
ethyl alcohol and ammonia. 

2. Among the mixed catalysts that we tried, the most effective one 
proved to be a catalyst consisting of 90 per cent AI2O3 and 10 per cent 
Fe203. The advantage of this catalyst over pure alumina consists in a 
smaller decomposition of the alcohol in its presence. 

3. The action of mixed catalysts in this case is not an additive one. 

4. The facts observed are interpreted from the point of view of the 
multiplct theory. 
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In our former paper (9) we have investigated the action of mixed cata¬ 
lysts in the joint dehydration of ethyl alcoho! and ammonia with the 
formation of corresponding amines. In connection with this it appeared 
interesting to test the efficiency of the same catalysts (see below) in the 
joint dehydration of aniline and ethyl alcohol with the formation of mono- 
and diethylaniline and to compare their action with the activity in this 
process of pure alumina. We have also tested a catalyst consisting of 95 
per cent alumina and 5 per cent nickel oxide, which had proved to be very 
active in the hydrolysis of diethyl ether under pressure (2). 

The possibility of obtaining alkylanilincs by means of heterogeneous 
catalysis under ordinary pressure was for the first time established by 
Mailhe and de Godon (7), These authors passed methyl alcohol and 
aniline over alumina at 400~430®C. and obtained methylaniline and from 
it, by a further action of methyl alcohol, dimethylaniline. In the presence 
of the same catalyst, from a-, m-, and p-toluidines and methyl alcohol at 
350-i00®C., they obtained (8) a mixture of nearly equal amounts of the 
corresponding secondary and tertiary amines. 

Mailhe in his patent (6) concerning the preparation of a series of aryla- 
mines, among them ethyl- and diethyl-aniline, recommends the following 
catalysts: AbOs, Th02, and Zr02. For the reaction between ethyl alcohol 
and aniline he proposes alumina at a temperature of 350-400®C. 

E. and K. Smolensky (10) claim that by passing twice a mixture of 
methylaniline with methyl alcohol over alumina at 300®C. they obtained 
dimethylaniline with a yield of 95 per cent. By passing aniline and methyl 
alcohol over silicon dioxide at 300~320®C., monomethylaniline could be 
obtained. 

Brown and Reid (3) have investigated the catalytic action of silica gel 
in the reaction of the ethylation of aniline with alcohol. They found that 
at a temperature of 385®C. (using a molar ratio aniline:alcohol = 1:1.05) 

1207 
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a mixture of secondary and tertiary amines was obtained with a ratio of 
6:1 and a yield of 41.5 per cent. Using the same temperature but a molar 
ratio aniline:alcohol = 1:2.05 they obtained 46.6 per cent of ethylaniline 
and 13.3 per cent of diethylaniline (ethylaniline:^ethylaniline = 77:2); 
the catalyst rapidly lost its activity. 

In later papers the joint dehydration of methyl alcohol and aniline was 
investigated only in the presence of “Japanese acid earth” (5) (its com¬ 
position after washing with water and drying in the air: SiOj, 61.67 per 
cent; AI 2 OS, 12.28 per cent; Fe203,1.87 per cent; CaO, 0.16 per cent; MgO, 
3.44 per cent; loss after drying at 110°C., 15.66 per cent; loss after heating 
to incandescence, 4.64 per cent) and in the presence of thorium oxide (4). 

The joint dehydration of ethyl alcohol and aniline in the presence of 
mixed cataljrsts has not as yet been investigated. 

It must be remarked that the study of mixed catalysts used for the alky¬ 
lation of aromatic amines has not only a purely theoretical interest, but 
also a practical one, because it gives the necessary data concerning the in¬ 
fluence of impurities upon the action of catalysts in industrial processes. 

The following catalysts have been tested in our experiments(1) AI 2 O 2 ; 
(2) AI2O2 (90 per cent) -f Fe202 (10 per cent); (3) AI2O3 (90 per cent) -f SnO 
(10 per cent); (4) AI2O3 (90 per cent) -f- ZnO (10 per cent); (5) AUOs (80 
per cent) + Cr 203 (20 per cent); (6) AI2O3 (95 per cent) -f NiO (5 per cent) .* 

KXPEBIMBNTAL PART 

Experiments on the joint catal 3 d;ic dehydration of aniline and ethyl 
alcohol were performed with each of the above-mentioned catalysts at 
temperatures of 350, 375, and 400“C. 

The apparatus consisted of a tube of hard glass having a 15 mm. interior 
diameter into which the catalyst was placed. The catal 3 r 8 t was in the 
form of small lumps dried at 150°C. The tube was placed in an electric 
furnace and was provided at its front end with a special buret (1) for a 
regular introduction of a mixture of alcohol and aniline, and at the rear 
end with a receiver that was cooled with ice. The length of the catalyst 
layer in all experiments was 48 cm. 

In every experiment the same mixture was used, consisting of 86 g. of 
pure, freshly distilled aniline (b.p. 182.5-183.5®C., nf' 1.5864) and 64 g. 
of 96 per cent rectified ethyl alcohol (dj?* 0.8056). 

The molecular ratio aniline:alcohol was about 2:2.9. The mixture of 
aniline and alcohol was introduced into the reaction tube regularly, at a 
rate of 12 cc. per hour, and was passed over the catalyst once. As all the 

* The description of their preparation is given in the preceding paper by Shuykin, 
Balandin, and Plotkin (9). All the catalysts were actually hydroxides. 

• For the preparation of this catalyst see reference 9. 
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experiments were of a comparative nature, the same conditions were main¬ 
tained in all cases where this was possible. 

In all the experiments at a temperature of 300'’C. the color of the con¬ 
densate was light yellow; with the rise of the temperature a change of color 
to orange-yellow was observed. 

The condensates obtained were separated from the water-alcohol layer 
and dried over melted sodium hydroxide. The product was fractionated 
twice with a Vigreux column (sixteen sections, length 58 cm.), which was 
heated by means of electricity to a constant temperature. An insignificant 
quantity of the product which distilled up to 160°C. consisted of ether, of 
alcohol that had not entered into the reaction, of water, and of traces of 
aniline. This fore-run was not taken into account. 

TABLE 1 


Indices of refraction of mixtures 


ANILINE 

ETHYLANIUNE 

n ^ or THE 
MIXTURE 

ETHYLANILINE 

i 

DIETHYLANILINE 

20“ 

Wjj OF THE 
MIXTURE 

per cent 

per cent 


per cent 

per cent 


100 

0 

1 5864 

100 

0 

1 5557 

90 

10 

1 5812 

90 

10 

1 6543 

80 i 

20 

1 5781 

80 

20 

1 5528 

70 

30 

1 5753 

70 

30 

1 5516 

60 

40 

1 5722 

60 

40 

1 5503 

50 

50 

1 5693 

50 

50 

1 5490 

40 

60 

1 5663 

40 

60 

1 5477 

30 

70 

1 5637 

30 

70 

1 5466 

20 

80 

1.5607 

20 

80 

1 5453 

10 

90 

1 5580 

10 

' 90 

1 5440 

0 

100 

1 5557 

0 

100 

1 5424 


The following fractions were collected: I, 160-195°C.; II, 195-210®C.; 
and III, 210-230‘’C. In the flask there remained a small quantity of a 
liquid, boiling above 230‘’C., which was not investigated further.* Frac¬ 
tion I (160-195°C.) consisted of a mixture of aniline and ethylaniline; 
fraction II (195-210°C.) of aniline, ethylaniline, and traces of diethylani- 
line; fraction III (210-230°C.) of ethylaniline and diethylaniline. 

For each fraction the indices of refraction were determined. In order 
to determine the composition of these fractions by the indices of refraction, 
two series of synthetic mixtures were prepared consisting (a) of aniline 
and ethylaniline and (b) of ethylaniline and diethylaniline, taken in differ¬ 
ent percentages by weight (see table 1). The initial substances (Kahl- 

• The residues from all experiments were collected and fractionated. The product 
boiled from 230 to 271 °C. and gave a negative reaction for the presence of diphenyl- 
amine. 
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100 90 80 70 60 50 10 30 20 10 0 

ETHYLANILINE AMLINE 

Fig. 1. Depbndkncb or Index or RBraAcrioN on the Composition or the 

Mixtube 



OIETHYLANILINE ETHYLANILINE 

Fig. 2. Dependence or Index or RErBAcriON on the Composition or the 

Mixtcbe 

baum) were previously distilled twice: aniline, b.p. 182.5-183.5* at 
751 mm., nf‘ 1.5864; ethylaniline, b.p, 203-204*0. at 754 mm., nf’ 
1.5557; diethylaniline, b.p. 214.5-215.5*0. at 754 mm,, 1,5424. 
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TABLE 2 

Alkylation of aniline 


*C. grams gm. 

[ 1 30 1.5631 

350 140 2 60 1 5556 

3 71 5474 


cZt Smt 


3 2 67.526 7 


AljO,. 


375 136 


19 1 5679 
50 1 5581 51 4 

7 1 5468 


3 5 54.9 37.4 


400 135- 


1 22 1 5728 

2 37 1.5581 41 8 

3 15 1.5471 


7 1 48 9 40 1 


AljOs (90 per cent) -h Fe 203 
(10 per cent). 


1 28 1 5727 

350 142] 2 39 1 5556 48 0 

[3 7 1 5502 

[ 1 32 1 5700 

375 140^ 2 42 1 5576 52 2 

3 61 5528 


2.1 50.121 4 


0 7 52.926.7 


1 52 1.5732 

400 132 2 25 1 5595 39 4 

3 4 1.5557 


39.4 48 1 


1 25 1 5748 

350 137 ] 2 39 1 5562 45 6 

3 9 1 5500 


2 8 48 4 34.7 


AljO, (90 per cent) -|- SnO ( 1 25 1.5785 

(10 per cent). 375 136 2 46 1.5550 48 7 

3 41 5486 


1.6 60.2 37.4 


f 1 40 1 5703 

400 135 2 31 1.5579 44 0 

3 3 1.5540 


0.3 44.3 40.1 
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TABLE 2 —Concluded 


CATALYSTS 


ALOa (90 per cent) + ZnO 
(10 per cent). 


AliOa (80 per cent) 4- CraOg 
(20 per cent). 


AlaOg (95 per cent) + NiO 
(5 per cent). 


g 


•c. 

350 

375 

400 

350 

376 

400 

350 

375 

400 


H aS 


grtmut 


uv 


132 


133 


132 


132 


131 


60 

18 

4 

52 
14 

8 

66 

14 

4 

58 

16 

3 

47 

31 

2 

54 
16 

3 

53 
20 

5 

55 

6 
3 

63 

5 

1 




1.5750 

1.5631 

1.5556 

1 5744 
1 5646 
1 5586 

1.6796 
1 5689 
1 5610 

1.5726 
1.5580 
1 5518 

1.6726 
1.5578 
1 5553 

1.5773 
1.5620 
1 5571 

1.5720 

1.5600 

1.5554 

1.5785 

1.5590 

1.5564 

1 5779 
1.5646 
1.5605 


per 

cent 


31 6 


29.7 


18 9 


34 9 


43.2 


24.4 


38.4 


16.3 


15.3 


per cent 

Traces 


0.6 


Traces 


0.1 


per 

cent 


31 6 


29.7 


18 9 ! 


per 

cent 


24 1 


48 1 


45 4 


43.2 


24 4 


38.532.1 


16.348.1 


15.3 


35.5 48.1 


37.4 


64.2 


50.8 
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On the basis of the refractometric data obtained, two curves were plotted 
(figures 1 and 2 ), showing the dependence of the index of refraction on the 
composition of the mixture expressed in per cent. By means of these 
curves the content of amines in the fractions was determined (with a cer¬ 
tain approximation). When calculating we did not take into considera¬ 
tion the possible presence in every fraction of small amounts of a third 
component. Such an arbitrary supposition in the determination of the 
composition of the mixture leads to an error not exceeding 2 to 3 per cent. 
We used the refractometric curves in order to calculate for every experi¬ 
ment the percentage of the aniline transformed, so that the efficiency of 
different catalysts in the reaction of the ethylation of aniline could be 
compared. 

The percentage of the aniline transformed is easily obtained, knowing 
the composition of the fractions and taking into account that for the forma¬ 
tion of 1 g. of monoethylaniline and of diethylaniline, respectively, 
93/121 and 93/149 g. of aniline are required. 

The results obtained in all experiments are given in table 2 . The loss 
of alcohol, due to decomposition, shown in the last column of the table, 
is calculated from the difference in weight between the initial mixture and 
the crude condensate, taking into consideration that the decomposition 
leads to the formation of ethylene. 

DISCUSSION OP RESULTS 

Comparing the results obtained, it may be seen that all the mixed cata¬ 
lysts that wTre tested in the reaction of the ethylation of aniline with alco¬ 
hol proved to be less efficient compared with pure alumina. 

Among the mixed catalysts investigated the most active ones in this 
process have been found to be AbOa + FeaOs and AI 2 O 3 + SnO. As well 
as in the case o' the ethylation of ammonia, the first of these catalysts, used 
at a temperature of 350 and 375^C., leads to a reaction with a smaller 
decomposition of alcohol as compared with pure alumina. 

It is interesting to note that at a temperature of 400®C. the percentage 
of aniline transformed is in all cases and with all catalysts considerably 
smaller than at lower temperatures. In the case of pure AbOj, AbOs 
+ NiO, and AbOa + ZnO it already attains its maximum value at 350®C.; 
in the case of other catalysts at 375°C. 

As a rule, the loss of alcohol due to decomposition increases with the rise 
of temperature; an exception is presented by AbOs + ZnO at 375°C., but 
these results are within the limits of a possible error in the experiment. 
The loss of alcohol in the experiment with AbOa + CraOs at 375®C. may be 
explained by a comparatively high yield of the products of the principal 
reaction of ethylation. 



1214 


N. I. SHimUN, A. A. BAIAlNDIN, AND F. T. DIMOV 


It should be noted that under the conditions of our experiments the 
mixed catalysts direct the reaction chiefly towards the formation of mono- 
ethylaniline. In the presence of pure alumina the relative yield of di- 
ethylaniline is considerably higher, which is shown by the determination 
of the composition of the condensates using the indices of refraction. 
Thus, for instance, in the case of pure alumina, at 400®C., about 42 per cent 
of aniline was transformed into monoethylaniline, and 7 per cent into di- 
ethylaniline, while at the same temperature, in the presence of A1*0* + 
FesOj, about 39 per cent was transformed into monoethylaniline, and no 
transformation whatever into diethylaniline was observed. 

An insufficient amount of alcohol in comparison with that required by 
theory for a complete transformation of aniline into diethylaniline (aniline: 
alcohol ='~ 1:1.5 instead of 1 ;2) was taken with the purpose of promoting 
the formation of monoethylaniline. However, as the data of the present 
paper show, this measure was superfluous, as in the presence of the mixed 
catalysts that were used the secondary amine is formed almost exclusively. 

It follows from all this, as well as from the consideration of the data of 
table 2, that in this case (as well as in the investigations concerning the 
ethylation of ammonia by alcohol) no additivity of the properties of oxides 
entering into the composition of mixed catalysts is observed. 

The conclusions we have presented in our preceding paper concerning 
the specific properties of mixed catalysts when used for similar changes 
of the systems 


c- 

1 

-C 

1 

N C 

1 i 

0 

1 

C 

1 

1 

H 

1 

0 

H (!) 

1 

H 

1 

0 

II K 

2 o 

17 « 

C7(I K\ 1) 

II K 

«1 


differing only by the elements ipn (C, N, and 0, which change according to 
the order of their atomic numbers) remain also valid for the case being 
investigated, with the only difference that in the catals^tic ethylation of 
aniline one must take into account the influence of the phenyl radical, 
which increases the rate of this reaction in comparison with a similar reac¬ 
tion, the ethylation of ammonia. 

The addition to alumina of dehydrogenating oxides investigated by us 
causes the retardation of the reaction of class I K? 1, contrary to the case 
of the hydrolysis of diethyl ether (class II Kjs !)• This conclusion applies 
not only to the formation of monoethylaniline, but also to the retardation 
of the next stage—the formation of diethylaniline from monoethylaniline— 
a reaction, which, as one can easily see, requires the same index with the 
symbol U (I K? 1). 

Thus the application of mixed catalysts of the type investigated, de¬ 
creasing the reaction rate, makes it possible to obtain synthetically mono- 
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alkylanilines, which are more difficult to obtain in a pure state than the 
dialkylsubstituted anilines (exhaustive alkylation). 


CONCLUSIONS 

1. In the present paper the action of mixed catalysts on the joint dehy¬ 
dration of aniline and ethyl alcohol has been studied; a dehydrating cata¬ 
lyst, alumina, was taken, to which oxides of metals promoting dehydro¬ 
genation were added. 

2. The alkylating action of the catalysts studied after a single passing 
of the mixture of aniline with 96 per cent ethyl alcohol having a molecular 
ratio 1 ;1.45, at a rate of 12 cc. per hour, at 350, 375, and 400®C. may be 
seen from table 3. 


TABLE 3 


Alkylating action of the catalysts 


CATALYSTS 

TRMPER- 
ATUUJS 
CORHBS- 
PONDINO 
TO A 

MAXIMUM 
TBAN8- 
PORMA' 
TION OP 
ANILINE 

TOTAL 
PEROENT- 
AGE OP 
TRANS¬ 
FORMED 
ANILINE 

YIELD OF 
MONO¬ 
METHYL- 
ANILINE 
(RECK¬ 
ONED 
FROM 
ANILINE) 

YIELD OP 
DIETHYL- 
ANILINE 

(reck¬ 

oned 

PROM 

ANILINE) 

AI 2 O 3 

T 

350 

per cent 

67.5 

64 3 

3 2 

AI 2 O 8 (90 per cent) + Fe 203 (10 per cent) . 

375 

52 9 

52 2 

0 7 

AI 2 O 3 (90 per cent) + SnO (10 per cent) 

375 

50 2 

48 7 

1 5 

AhOa (80 per cent) Cr 208 (20 per cent). ,. 

375 

43 2 

43 2 

Traces 

AI 2 O 3 (95 per cent) + NiO (5 per cent) 

350 

38.5 

38 4 

0.1 

AlaOs (90 per cent) 4* ZnO (10 per cent) ... 

350 

31 6 

31 6 

Traces 


3. It has been found that the above-mentioned additions decrease the 
reaction rate as compared with pure alumina. 

4. This leads to the formation of monoethylaniline by preference, and 
this circumstance can be made use of for synthetic purposes. 

5. The substitution of hydrogen by the phenyl radical in the molecule 
of ammonia increases the reaction rate of the joint dehydration with ethyl 
alcohol. 
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When a slow stream of hydrogen sulfide, purified by passing through 
scrubbers containing iodine and sodium sulfide, was passed into a 5 per cent 
solution of potassium dichromate of tested purity, the color of the solution 
first changed to a dark brown with the separation of a brown solid. As the 
current continued, the color changed to dirty brown and, passing through 
various shades, gave after four hours a whitish-green precipitate. When 
the color did not change perceptibly, the stream of hydrogen sulfide was 
stopped and the whitish green precipitate, which settled down, was filtered 
off. The filtrate was heated to coagulate colloidal chromium hydroxide 
and filtered. This filtrate was again subjected to the action of the gas but 
no more green precipitate separated, although there was a further deposit 
of sulfur. 

The green precipitate consisted of chromium hydroxide, thiosulfate, and 
sulfur, and the filtrate contained thiosulfate and polysulfide of potassium. 
The observation (4) that sulfate is formed in the early stages of the reaction 
was due (while testing for sulfur acids) to the development of sulfate from 
tetrathionate, which is now shown to be an intermediate by-product of the 
reaction. The precipitate formed by the action of hydrogen sulfide on 
chromic acid (3) has been shown to contain sulfate also. 

The mechanism of the reaction was studied by investigating the products 
at certain definite stages. Stage I, subsequently called the ‘intermediate 
stage'the gas was passed until the brown precipitate was just on the 
point of changing into green. Stage II—the final stage—when hydrogen 
sulfide was bubbled through the solution until precipitation was complete. 

The intermediate stage 

Hydrogen sulfide was passed into potassium dichromate solution (19- 
20®C.) with continual stirring for about half an hour until the green precipi¬ 
tate just began to form and the color of the reaction mixture was a dirty 
brown. 

The reaction mixture was allowed to stand overnight in a stoppered flask 

1217 



1218 


DUNNICLIFF, KOTWANI AKD HAMID 


and then filtered. An alkaline yellow filtrate was obtained, which con¬ 
tained potassium chromate and thiosulfate, but neither sulfide nor sulfate. 
Sulfate, in the presence of thiosulfate and chromate, was tested for by 
adding a 3 per cent solution of barium chloride to the alkaline filtrate in 
order to precipitate chromate and sulfate (if any). The washed precipi¬ 
tate was treated with dilute hydrochloric acid. The solid was completely 
dissolved, leaving no turbidity, showing the absence of sulfate, which is not 
formed if the concentration of hydroxyl ions is above a certain critical 
value. 

The brown solid was insoluble in cold and hot water but dissolved in 
hydrochloric acid with evolution of sulfur dioxide and chlorine, giving a 
green solution containing free sulfur. Potassium was absent from the 
intermediate precipitate. 

When treated with 0.3 N potassium hydroxide, a green solid remained 
which contained neither thiosulfate nor chromate. The alkali extract, 
however, contained both thiosulfate and chromate, showing that the 
coordinated complex was broken up by alkali treatment. 

The molecular ratio of the chromium sesquioxide (CrjOj) to chromic 
acid (CrOj), calculated from chromate obtained by treatment of the brown 
solid with potassium hydroxide, was roughly constant. The mean of four 
determinations was Cr:Oi.»j, which corresponds approximately to chro¬ 
mium dioxide (CrOj) or chromium chromate (Cr208-Cr03). Thus the 
brown solid is the same as that obtained by the action of hydrogen sulfide 
on chromic acid (3) and hence is different from the brown compound pro¬ 
duced by the action of chromic acid on chromic sulfate. 

Chromate in the presence of thiosulfate was estimated as follows: The 
alkaline liquid was carefully neutralized with dilute acetic acid, and the 
chromate precipitated with barium acetate from a boiling solution. After 
heating for some time to make the precipitate granular, it was filtered and 
washed in a sintered glass crucible, dried at 100-105®C., and weighed. 

The brown product was thoroughly washed, suspended in water, and a 
current of hydrogen sulfide passed imtil a green precipitate was obtained. 
This was filtered off, washed, and found to contain sulfate. 

The brown precipitate must be washed quite free from traces of both 
chromate and potassium, otherwise the reaction mixture develops alkalinity 
through the hydrolysis of KHS or K^Sx, and no sulfate is formed. This 
shows that the oxidation of thiosulfate to sulfate does not take place in the 
presence of hydroxyl ions above a certain concentration. 

The properties of the brown substance were compared with those of 
chromium dioxide, obtained by the action of sodium thiosulfate on potas¬ 
sium dichromate (9). 

2 K*Cr ,07 + NajSsOa KjCrOa + KjSO* + NaaSO, + 3Cr02 (1) 
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The solid was washed free from chromate, sulfite, and sulfate. It gave 
chlorine with hydrochloric acid, and chromate and chromium hydroxide 
with potassium hydroxide. The dark brown chromium dioxide was 
suspended in water and hydrogen sulfide passed until a green precipitate 
was obtained. This contained coordinated sulfate, chromium hydroxide, 
and sulfur. Thiosulfate was absent because the chromium dioxide con¬ 
tained no coprecipitated chromium hydroxide and sulfur (!1). 

The chromium dioxide in the precipitate from potassium dichromate was 
reduced in an alkaline medium and hence thiosulfate but no sulfate was 
formed. 


TABLE 1 

Examinaiion of the products at the intermediate stage 
Values are shown in mR. for 1 g of i)otassium diohromate 




I'ILTRATE 

PREdPITATE 



EXPERIMENT 

TIME FOR VVHK’H 
ALLOWED TO 
STAND 

5 is 

Thiosulfate 

■s? 

1^. 

« 

a 

la 

a 

a 

•5 

I? 

O 

o 

% 

3 

§ 

X 

TOTAL 

KzCnOy 

ACtOlJNTED 

POU 

TOTAL 

THIOSUL¬ 

FATE 



mg 

mg 

mg 

mg 

mg 

mg 

mg 

mg 

(a) . 

Filtered im¬ 

313 

58 

70 

303 

586 

n 

978 

69 


mediately 









(b).... 

1 hour 

316 

56 

75 

309 

598 

13 

989 i 

69 

(c)... . 

1 hour 

295 

54 

72 

319 

616 

• 12 

983 

69 

(d)... 

4 hours 

292 

52 

62 

326 

631 

13 

986 

65 

(e)... 

4 hours 

300 

59 

68 

326 

631 

15 

984 

74 

(f). ... 

12 hours 

304 

63 

65 

319 

618 

14 

987 

77 

(K).... 

12 hours 

312 

68 

67 

318 

615 

14 

995 

82 


* Calculated from chromate. 


The following determinations were carried out at the intermediate stage 
(table 1): (1) The brown solid was extracted with potassium hydroxide 
(0.3 N) and the chromate and thiosulfate determined in solution. (2) 
The residual green solid was dissolved in hydrochloric acid and the chro¬ 
mium precipitated as hydroxide, which was weighed as Cr 203 . (3) Chro¬ 
mate and thiosulfate were also estimated in the filtrate, which does not 
contain any sulfide. 

The lack of uniformity in the results is not surprising, as it is impossible 
to arrest the reaction at exactly the same point in each case. The values 
represent intermediate stages of a continuous reaction. 

Experiments b and c, d and e, and f and g were carried out under exactly 
similar conditions and show that the reaction proceeds systematically. 

Since the filtrate is alkaline and potassium hydroxide extracts chromate 
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from chromium dioxide, one would expect that no sulfide of potassium is 
formed in the filtrate until all the chromium dioxide is removed from the 
solid phase. Careful investigation showed that, so long as chromate is 
present in the reaction mixture, potassium sulfide does not form. This was 
established by examining the action of hydrogen sulfide on potassium 
chromate, stopping the reaction at different stages, and testing for chro¬ 
mate and sulfide. As soon as chromate disappears from the liquid phase, 
sulfide makes its appearance. 

The final stage 

Hydrogen sulfide was passed until the precipitation was complete. On 
filtering, a whitish-green precipitate and a strongly alkaline, golden-yellow 
filtrate were obtained. 


TABLE 2 

The final green precipitate 


EXPT. 

NO. 

CONCENTRA¬ 
TION OF 

KiCrsOr 

SOLUTION 

AMOUNT 

TAKEN 

CraOa 

(S*0*) 

SULFUR 

FROM 

(SjOl) 

TOTAL 

SULFUR 

FREE 

SULFUR 

(by dif¬ 
ference) 

lodometric 

method 

BoSOi 

method 

i 

per cent 

CC. 

fframa 

grame 

grama 

grams 

grama 

grama 

1 

2 

50 

0 5144* 

0 0212 

0 0208 

0.0059 

0.0524 

0.0475 

2 

2 

50 

0 5128 

0 0214 

0 0200 

0 0061 

0 0522 

0 0461 

3 

3 

50 

0,770&> 

0.0322 

0 0316 

0 0094 

0 0781 

0 0687 

4 

3 

50 

0 7712 

0 0321 

0 0312 

0 0089 

0 0766 

0 0677 

5 

5 

50 

1.2892« 

0.0532 

0.0522 

0 0150 

0 1260 

0.1110 

6 

5 

50 

1.2906 

0 0529 

0.0514 

0 0142 

0 1245 

0 1103 

7 

5 

50 

1 2902 

0 0531 

0 0524 

0.0149 

0 1264 

0 1115 


Theory; a " 0.517 g.; b =• 0.776 g.; c »• 1.292 g. 


The green solid was insoluble in water. With hydrochloric acid it gave 
sulfur dioxide and a green solution containing suspended sulfur. Thio¬ 
sulfate was present, but neither sulfate nor polythionates. All the thiosul¬ 
fate was extracted by treatment with potassium hydroxide and estimated 
in the filtered solution. The residue contained chromium hydroxide and 
free sulfur. The statement (4) that sulfate is produced in the reaction was 
especially investigated (see p. 1224) and found to be incorrect. 

Sulfate is an important product in the action of hydrogen sulfide on 
chromic acid (3) and the fact that the final stage in the present case does 
not contain sulfate sets a limit to the oxidizing power of potassium dichro¬ 
mate. As already stated (p. 1218) the development of a considerable con¬ 
centration of hydroxyl ions prevents the formation of sulfate in this case. 

The strongly alkaline, final filtrate contained only thiosulfate and 
polysulfide of potassium. 
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Chromium hydroxide, thiosulfate, and free sulfur were estimated in the 
precipitate as described by Duiinicliff and Kotwani (3), in an attempt to 
define its composition (table 2). 

Kurtenacker and Wollak^s method (8) for the removal of sulfide in the 
presence of thiosulfate was also used, but it was observed that in the 
absence of sulfite the cadmium carbonate method gives accurate results. 

Even when special i)recautions are taken (1), the free sulfur is invariably 
higher than theory, owing to dissolved oxygen in water, air contact, and, to 
some degree, the action of light. 

The values for thiosulfate (column 5) obtainc^d by titration agreed closely 
with those calculated from barium sulfate obtained by oxidation with 
bromine water. The latter value was not higher than the former in any 
instance, as would have been the case if a thionate had been present. The 
absence of a polythionate in the final stage was thus confirmed, and the 
only sulfur compound in the precipitate was thiosulfate. The existence 
of a trithionate was thus ruled out since, if formed, it should persist in the 
final stage (7), being the only thionate stable in the presence of hydrogen 
sulfide. 


Coordinated and ionic thiosulfate 

While trying to oxidize the sulfur and thiosulfate in the precipitate to 
sulfate with bromine water, it was observed that, even after refluxing for 
two hours, the remaining solid still contained thiosulfate. This slow 
attack of the thiosulfate by bromine suggested a method for distinguishing 
between ionic and coordinated thiosulfate groups in the complex molecule. 

Portions of the precipitate were shaken with bromine water of various 
concentrations in the cold and filtered. The ratio A/B, between A, the 
thiosulfate estimated directly in the residue thus obtained, and B, that 
calculated from sulfate in the filtrate, shows very wide variations (table 3). 

The inference is that bromine attacks both the ionic and coordinated 
thiosulfate. It is probable that, as the ionic thiosulfate is removed, the 
equilibrium between coordinated and ionic thiosulfate is disturbed and 
more ionic thiosulfate is formed. Possibly bromine is catalytic in this 
sense. 

A series of experiments was tried using iodine. (1) The washed precipi¬ 
tates from a number of samples of 50 cc. of 5 per cent dichromate solution 
were treated with excess of different strengths of iodine solution and 
allowed to stand. The iodine disappeared entirely after times which 
increased with the strength of the solution. ^ This was due to the adsorj)- 
tion of iodine by the solid particles. Hence methods involving excess of 
iodine solution were rejected. (2) After first making acid with dilute 
acetic acid, direct titrations with iodine of various strengths (0.1 N to 0.01 
N) against a fine suspension were then performed (titer a cc.) in the hope 
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that, when the ionic thiosulfate had all been attacked, a momentary end 
point might be obtained with starch used as an external indicator. After 
filtration, the precipitate was treated with potassium hydroxide and the 
acidified extract titrated against iodine (titer b cc.). It was found that 
iV/40 to N/60 iodinp gave a/6 = 2 (approximately) (see table 4). 

TABLE 3 


Ionic and coordinated thiosulfate in the precipitate {bromine method) 


j 

TIME OF CONTACT 

^ BaS04 

FROM FILTRATE 

A 

(SiOa) CALCULATED 

FROM BaSOi 

B 

(SaOa) IN THE PPT. 

A/B 

hourti 

gramt 

gratM 

graiM 


1 

0 0242 

0.0058 

0.0026 

2 24 

1 

0.0366 

0 0088 

0 0051 

1.17 

1 

0.0624 

0 0149 

0 0072 

2.07 

2 

0.0532 

0 0127 

0 0040 

3.17 

2 

0 0746 

0 0179 

0 0058 

3.09 

4 

0.0382 

0.0092 

0.0024 

3.83 

4 

0.0522 

0.0125 

0.0042 

2.97 

4 

0 0388 

0 0093 

0 0038 

2 46 

12 

0.0524 

0 0125 

0 0026 

4.81 

12 

0.0692 

0 0166 

0 0031 

5.35 


TABLE 4 

Titration of suspensions with iodme solutions 


a 

b 

afb 

a 

b 

a/b 

a 

b 

a/b 

cc. 

cc. 


cc. 

cc 


cc. 

cc 


2.30 

1.05 

2 19 

1.95 , 

0.90 

2 17 

2 85 

1.30 

2 19 

3.80 

1.70 

2.23 

2 10 

1.15 

1 83 

3 20 

1.55 

2.07 

2 30 

1.20 

1 92 

2 60 

1.20 

2.17 

2 45 

1 05 

2 33 

2.45 

1.15 

2 15 

2.50 

1.25 

2 00 

1.80 

0 85 

2.11 

2 60 

1.10 

2.36 

3 30 

1.55 

2 13 

2 30 

1 05 

2.19 


Mean of 15 determinations « 2.14 


Considering the small titration volume and the presence of solid, which 
in any case adsorbs a little iodine, the agreement is significant and the 
ratio of the ionic to coordinated thiosulfate is probably of the order 2:1. 

Composition of the fined filtrate 

Although the final filtrate is alkaline, it does not extract the whole of the 
thiosulfate from the precipitate as it does in the case of potassium chro¬ 
mate (4). Table 2 shows that the percentage of thiosulfate in the precipi- 
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tate varies directly with the concentration of the solution used, and the 
constant values for experiments 1 and 2, 3 and 4, and 5, 6, 7 show that an 
equilibrium is set up between the thiosulfate (total) content of the precipi¬ 
tate and the concentration of thiosulfate in the solution. 

After the removal of colloidal chromium hydroxide under reduced 
pressure the final alkaline filtrate contained only polysulfide and thio¬ 
sulfate of potassium. The color varied between yellow and orange, with 
the amount of hydrogen sulfide passed and the temperature of the reaction. 

The whole of the potassium was in the filtrate. Potassium from 50 cc. of 

TABLE 5 


Thiosulfate in filtrate (5 per cent solution of potassium dichromate) 


g.S20j (by titration) X 
10^ (actual). 

3321 

3256 

3241 

3186 

3146 

3283 

1 

3132 

3374 

3125 

3286 

Calculated per 100 g. of 
K2Cr207 . 

13 28 

13 02 

12 97 

12 74 

12 58 

13 13 

12 53 

13 49 

12 50 

13.14 


Mean =« 12 93 


TABLE 6 

Values in grams per 100 grams of the polysulfide 


MO. 

(a) 

TOTAL 

POTASSIUM 

(b) 

TOTAL 

SULFUR 

(c) 

POTASSIUM 

THIOSUL¬ 

FATE 

K2S2O3 

5 H 2 O 

(d) 

POTASSIUM 
PRESENT AS 
THIOSUL¬ 
FATE CAL¬ 
CULATED 
FROM (c) 

(e) 

SULFUR 
PRESENT AS 
THIOSUL¬ 
FATE CAL¬ 
CULATED 
FROM (c) 

(f) 

POTASSIUM 
PRESENT AS 
POLY8UL- 
FIDE 

(a) - (d) 

(«) 

SULFUR 
PRESENT AS 
POLYSUL¬ 
FIDE 

(b) - (e) 

CALCULATED 

FORMULA 

K2Sy 


grama 

grama 

grama 

grama 

grama 

grama 

grama 


I 

28 45 

31 63 

78.46 

21 a5 

17 93 

6 60 

13.70 

KsSs.od 

II 

27.72 

29 60 

84 35 

23 50 

19 30 

4 22 

10 30 

K 2 S 6 .M 

III 

28 43 

32 42 

76 52 

21 31 

17 49 

7 12 

14 93 

K 2 S 6.12 

IV 

21 75 

23 75 

61 21 

17 05 

14 00 

4 70 

9 75 

K 285.08 


5 per cent potassium dichromate: found 0.6005, 0.6614, 0.6612, and 0.6616 
g.; theoretical value = 0.6633 g. 

Thiosulfate in the filtrate was estimated after removing the polysulfide 
by means of cadmium carbonate. The filtrate was acidified with dilute 
acetic acid and titrated against iodine. These values (table 5) varied 
slightly. Probably this was due to the conversion of some of the poly¬ 
sulfide into thiosulfate by contact with air (10). The determination had, 
therefore, always to be made in fresh filtrate. 

When the reaction was allowed to proceed at the laboratory temperature 
(19-20®C.), the formula of the polysulfide worked out to K2S3 (mean of 
three determinations = K2S3.1). 
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In addition to the method of estimating the polysulfide sulfur given 
below, that of Kurtenacker and Bittner (6) was found to give satisfactory 
results, but the modified procedure of Szeberenyl (12) was found to be 
more convenient, as it avoids the necessity for tedious corrections. 

In order to get the most polysulfide and to accelerate the otherwise slow 
reaction, hydrogen sulfide was passed into a 10 per cent solution of potas¬ 
sium dichromate at 80-85°C. for nearly ten hours. The chromium hy¬ 
droxide which separated when the filtrate was concentrated under reduced 
pressure was filtered off, and the polysulfide allowed to crystallize out 
under reduced pressure at about 50®C. The crystals were pressed between 
folds of filter paper, keeping them, as far as possible, out of air contact. 
Potassium, “sulfide," and thiosulfate were determined in a weighed amount 
of the dried polysulfide (4). 

Table 6 shows that the molecular ratio K2S208:K2S* is not constant. 
Possibly, under ideal conditions, potassium thiosulfate and pentasulfide are 
formed in equimolecular proportions. 

With the exception of the potassium hydrosulfide, the analyses in 
tables 2 and 4 can be represented approximately by the following equation: 

56(K2Cr207 + SHsS + HjO) -> 02 ( 8202)2 -|- 1100(OH)2 + 

20(K2S20, -I- KHS) -1- 26K*S2 -|- 248 + 49 H 2 O (2) 

Note on the observation (i) that sulfate is formed in the action of hydrogen 
sulfide on potassium dichromate 

If the intermediate filtrate is acidified and then treated with barium 
chloride solution a white precipitate of barium sulfate is produced, but the 
final stage contains no sulfate. 8ince sulfate is not found in the final 
products and it is not decomposed by hydrogen sulfide, it is obvious that 
it was developed in testing, and the only source of such sulfate would be by 
the action of hydrochloric acid on a polythionate. 

The reaction was studied in order to determine the exact stage at which 
the formation of sulfate on acidification is suppressed, i.e., when poly¬ 
thionate ceases to be a by-product, and the following procedure was 
adopted: A saturated solution of hydrogen sulfide was mixed in small but 
increasing quantities (10 cc. at a time) with 20 cc. of 5 per cent potassium 
dichromate and the products analyzed next day. The reaction was 
divided into three stages: (a) When up to 40 cc. of saturated hydrogen sul¬ 
fide solution was added. A brown solid and a golden-yellow, slightly acidic 
filtrate were obtained, (b) On the addition of from 50 to 130 cc. of hydro¬ 
gen sulfide solution, the precipitate was green and chromate was present in 
the filtrate, (c) When more than 130 cc. of hydrogen sulfide was added, 
the polysulfide made its appearance and the composition of the final 
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precipitate (expt. 16, table 6) was almost the same as given in table 2, 

p. 1220. 

Tables 7a, 7b, and 7c give results in which sulfate was precipitated by 
previous acidification and addition of barium chloride. The scheme for the 
analysis of all other radicals is as given previously. 

The results show that (a) the amount of sulfate formed from 1 g. of 
potassium dichromate remains practically constant up to experiment 8; 
(b) so long as the solution is acidic, thiosulfate is not formed; (c) at a 
certain stage the sulfate entirely disappears, the disappearance being first 

TABLE 7a 

Precipitates 


Values are shown in mg. for 1 g. of potassium dichromatc 


(1) 

EXPT 

NO. 

(2) 

COLOR or PPT AND 
REACTION 

(3) 

VOLUME 
OK HuS 
USED 

(4) 

CHRO¬ 
MATE IN 
TERMS OF 

KsCtjOt 

(5) 

CrtOi 

IN PPT. 

(6) 

corres¬ 

ponding 

KiCriOi 

. 

(7) 

(SO 4 ) 

FROM 

THIONATE 

(8) 

(SiOj) 

(9) 

KjCraOi 

AC¬ 
COUNTED 
FOR IN 
PPT. 



CC 

my. 

my 1 

my. j 

mg 

mg 

mg. 

1 

Brown, acidic 

30 

62 

120 

233 

14 


295 

2 

Brown, acidic 

40 

64 

158 

306 

14 


370 

3 

Brown, neutral 

50 

62 i 

302 

584 I 

11 

13 

646 

4 

Brown, alkaline 

60 

64 

305 

593 

12 

12 

657 

5 

Dirty-brown, 

70 

22 

342 

663 

4 

13 

685 


alkaline 








6 

Green, alkaline 

80 


352 

681 


12 

681 

7 

Green, alkaline 

90 


359 

695 


16 

695 

8 

Green, alkaline 

100 


351 

679 


12 

679 

9 

Green, alkaline 

110 


363 

699 


11 

699 

10 

Green, alkaline 

120 


478 

925 


14 

925 

11 

Green, alkaline 

130 


j 491 

950 


16 

950 

12 

Green, alkaline 

140 


I 513 

993 


16 

993 

13 

Green, alkaline 

150 


516 

999 


16 

999 

14 

Green, alkaline 

160 


514 

' 995 


16 

995 

15 

Green, alkaline 

170 


512 

990 


18 

990 

16 

Green, alkaline 

180 


514 

995 


18 

995 


apparent in the precipitate; and (d) so long as chromate is present in the 
filtrate or precipitate, a test for sulfate is given on acidification, but as soon 
as chromate disappears (expt. 12) the test for sulfate is negative. 

The explanation is that sulfate is not present as such but is formed 
owing to the oxidation (by the chromic acid produced on acidification) of 
some thiosulfate or a thionate. Since, however, the values for thiosulfate 
show the same regular increase (expts. 11 and 12) without any abrupt 
change, the formation of sulfate is clearly due to the decomposition of a 
thionate. 
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TABLE 7b 
Filtrates'^ 


(1) 

axpT. Ko. 

(2) 

CHBOMATS IN 
TBRMB OF 

KsCrsO? 

KiSiOt 

OORRBSPONDXNO 
TO COLLOIDAL 

Cr(OH)i 

(4) 

(SO4) FROM 
THIONATX 

(») 

(SiOi) 

(4) 

K^CnOr 

ACCOtTMTSD FOR 
IN THE FXLTBATB 


mg. 

mg. 

mg. 

mg\ 

mg. 

1 

625 

54 

59 


679 

2 

578 

22 

61 



3 


21 

62 

58 

327 

4 

299 

18 

61 

59 

317 

5 

292 


59 


292 

6 

293 



1 55 

293 

7 



69 

61 

290 

8 

294 


73 

68 

294 

9 

266 


19 


266 

10 

49 


19 

83 

49 

11 

15 

1 

8 

94 

15 

12 




98 


13 




110 


14 




117 


15 




121 


16 




121 



* The filtrates correspond to the precipitates in table 7a. 


TABLE 7c 


Total potassium dichromate accounted for and total sulfate and thiosulfate formed in 

precipitate and filtrate 


aXFT. »fO. 

KjCfiOt (total of 

COLUMN 9 IN TABLS 7a 
AND COLUMN 6 ZN 
TABLB 7b) 

sulfatb (S0«) 
(column 7 IN TABLB 7a 
AMD COLUMN 4 ZN 
TABLB 7b) 

THI08ULFATB (8aO«) 
(column 8 IN TABLB 7a 
AND COLUMN 5 ZN 
TABLE 7b) 


mg. 

mg. j 

mg. 

1 

974 

73 


2 

970 

75 


3 

973 

73 

71 

4 

974 

73 

71 

5 

977 

63 

73 

6 

974 

61 

77 

7 

975 

69 

77 

8 

973 

73 

80 

9 

965 

19 

81 

10 

974 

19 

97 

11 

965 

8 

no 

12 

993 


114 

18 

999 


126 

14 

995 


133 

15 

990 


139 

16 

995 


139 
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That sulfate is not a product of the reaction under consideration was 
shown as follows: The intermediate filtrate (and the alkali extract from 
the precipitate) were treated separately with barium chloride without 
acidifying. The precipitates were filtered. On treatment with hydro¬ 
chloric acid the barium chromate dissolved out and no cloudiness or pre¬ 
cipitate remained in solution. This was confirmed by determining sulfate 
by the old and new methods (see table 8). 

Direct proof of the existence of a thionaie 

The alkaline filtrate from the intermediate stage was treated with barium 
chloride to remove* chromate, and the filtrate made up to a known volume. 
An aliquot portion, after acidification with dilute acetic acid, was titrated 
against iodine. This gave titer for thiosulfate existing normally in the 
filtrate. 


TAJil.K 8 


NO 

volume ok 

HzS I'ftiflD 

WEIGHT OK 
K2Cr207 

naS04 ON 
ACTDIKVINO 

BaS04 WITHOUT 
AcrwryiNc} 


cc 

yraniH 

grams 

grama 

1 

70 

1 00 

0 0875 

0.0012 

2 

80 

1 00 

0 0768 

0 0009 

3 

90 

1 00 

0 0764 

! 0 0014 

4 

100 

1 00 

0 0787 

! 0 0011 


Another })ortion of tin* filtrate was treated with sodium sulfide; the white 
precipitate which formed was filtered off and the sulfide removed with 
cadmium carbonate. The filtrate from this when titrated with iodine gave 
a titer almost three times as large a>s that obtained before. 

This is conclusive evidence of the existence of a thionatc. 

The existence of trithionatc is ruled out since, if formed, it should persist in 
the final stages (7) (p. 1221 ). The polythionates which are possible under 
the existing conditions are the di- and tetra-thionates. Quantitative re¬ 
sults show that a tetrathionate, which is easily converted into thiosulfate 
by an alkaline sulfide ( 11 , 2 ), Is present. 

K 2 S 4 O 6 + NaaS K 2 S 2 O 3 + NasSsOs + S (4) 

This would account for the fact that no potassium sulfide is present so long 
as tetrathionate exists. It also explains the regular increase in the thio¬ 
sulfate content and the ultimate elimination of tetratliionate. 

M. J. Fordos and A. Gcllis (5) state that mild oxidizing agents like ferric 
chloride react with sodium thiosulfate to give tetrathionate. 

2 Na 2 S 203 -f- 2 FeCl 3 —> Na 2 S 40 G -f- 2NaCl -f* 2FeCl2 


THE JOUBNAL OF PBYBIOAL CHEUISTKY, VOL. XXXXX, NO. 9 
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Thus the tetrathionate is fonned due to the oxidation of thiosulfate by 
the very weak chromic acid present in the initial stages. This reaction 
accounts for the fact that no test for tetrathionate is obtained when chro¬ 
mate is absent. 

Direct estimation of tetrathionate was found to be cumbersome, and 
therefore the values for sulfate found by the acidification method have 
been given in tables 7a; 7b, and 7c. 

StTMMAHY AND DISCUSSION 

The brown solid formed in the intermediate stages of the reduction of 5 
per cent potassium dichromate by hydrogen sulfide consists of chromium 
dioxide and hydroxide, a coordinated chromium thiosulfate, chromium 
tetrathionate, and free sulfur, while the filtrate contains unattacked potas¬ 
sium dichromate together with potassium thiosulfate and tetrathionate. 

The amount of tetrathionate decreases with the amount of chromate 
present, until eventually both disappear simultaneously. 

So long as chromate remains sulfide is not present, and the dichromate 
accounted for as thiosulfate is less than theory by the amount of tetra¬ 
thionate formed. 

Accepting views previously advanced (3,4) for the development of thio¬ 
sulfate in these reactions, it has been shown that thiosulfate is the source of 
the tetrathionate formed in a side reaction, owing to the mild oxidation of 
part of the thiosulfate by chromate. 

The tetrathionate is ultimately reduced to thiosulfate by the alkaline 
sulfide. 

Sulfate is not formed in these reductions if the concentration of hydroxyl 
ions is above a certain critical value. 

The final products are (a) a precipitate containing chromium hydroxide, 
sulfur, and a complex chromium thiosulfate in which the ratio of ionic to 
codrdinated thiosulfate is approximately 2:1, and (b) potassium thiosul¬ 
fate and polysulfide in solution. 

The polysulfide formed depends on the temperature of the reaction, 
being K2S3 at laboratory temperatures and the pentasulfide at tempera¬ 
tures approaching 90®C. 
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Editor^s Note: Owing to unforeseen circumstances, the publication of this 
paper has been unavoidably delayed. A private communication from 
Professor Dunnicliff states that further investigation has proved that, if the 
reduction of sodium, potassium, or aimnonium dichromates is carried out 
rapidly at 90~95°C., some sulfate appears in the product, but no sulfate is 
formed after the reaction mixture becomes alkaline. The formation of 
sulfate is totally suppressed in the alkaline media which result from the 
reduction of the chromates of sodium, potassium, and ammonium. 

A study of the reduction of the insoluble chromates by hydrogen sulfide 
has also yielded valuable results. Among the reduction products of silver, 
mercurous, and thallous chromat('s at medium or low temperatures, sulfite 
has been found, while the chromates of lead, barium, strontium, etc. give 
no sulfite in any circumstances. 

Evidence is adduced to show that sulfite is the precursor of both thio¬ 
sulfate and sulfate in the general reaction. Details of this work will be 
published shortly. 
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Amongst the photo(;hemical reactions taking place in solutions, the 
iodine- formate reaction is easy to investigate as it is fairly rai)id. N. R. 
Dhar (24) first showed that the reaction between sodium formate and iodine 
is markedly photosensitive; he studied the reaction only in visible light 
with iodine dissolved in an aqueous solution of potassium iodide, which 
considerably inhibits the reaction velocity. This reaction has now been 
investigated in detail, using an aqueous solution of iodine without any 
potassium iodide. In addition to kinetic measurements we have tried to 
establish a relation between chemical reactivity and light absorption pho¬ 
tographically with different concentrations of the reactants. 

EXPERIMENTAL PROCEDURE 

A tilting-type quartz mercury-vapor lamp working at 220 volts was used 
in order to obtain ultra-violet radiations, whereas for visible and infra-red 
radiations, a 1000-watt gas-filled tungsten filament lamp was employed. 
All materials used were purified by recrystallization. Merck's pure iodine 
was further purified by resublimation. All solutions were prepared in 
condu(;tivity water. In order to isolate different regions from the entire 
spectrum of the light source, solution filters were used. The light trans¬ 
mitted by these filters has been carefully determined and described in 
previous papers (1). The filters used for infra-red radiations cut off all the 
visible and ultra-violet light. For measurements of the energy absorbed, 
a Moll thermopile with a sensitive galvanometer was used. The velocity 
of the reaction at a particular instant was ascertained by estimating the 
unchanged iodine against very dilute solutions of sodium thiosulfate. 

The reaction is monomolecular in the dark. The expression for a semi- 
molecular reaction velocity is 

7 {va — T A/a} 

1231 
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where o denotes the initial concentration of the reactant and x its concen¬ 
tration after a period t. The reaction between sodium formate and iodine 
follows the semimolecular law when the system is illuminated by radia¬ 
tions of different wave lengths, as is clear from table 1. 

KINETICS 

The temperature coefficients have been calculated after deducting the 
dark reaction velocity (see tables 2 and 3). 

The results show that Einstein’s law of photochemical equivalence is not 
obeyed. This is true for many exothermal photochemical reactions, and 
it appears that the energy given out in the transformation of molecules, 
caused by light absorption, may effect activation or loosening of the bind- 


TABLE 1 

The reaction between sodium formate and iodine 


CONDITIONB 

TIME 

HYPO PER 5 OC. 
OP THE REACT¬ 
ING MIXTURE 

REACTION VELOCITY 

Dark (T - 20 °C.).| 

minutes 

0 

10 

20 

ce. 

4.6 

3.75 

3.05 

0.00888 (A,) 

0 00892 (A,) 

Mean Ki . 

0.00890 


X - 4295 A.U. (T » 15°C ).| 

0 

10 

20 

4.6 

3.7 

2.9 

0.04419 (Aj) 
0.04416 (Aj) 

Mean . 

0.04418 



ing forces of molecules. The quantum yield increases with temperature 
and the frequency of the incident radiation. 

RELATION BETWEEN THE INTENSITY OP LIGHT (AMOUNT OP ENERGY 

absorbed) and the velocity op reaction 

We have investigated the problem of the variation of the relation be¬ 
tween intensity and velocity by changing the amounts of pota-ssium iodide 
(a marked retarder) present in the iodine solution, and thus altering the 
dark reaction velocity. The results given in table 4 show that the relation 
between the velocity and intensity in the reaction between sodium formate 
and iodine at 20“C. can vary from J* to J*. 

From the results given in table 4 it is obvious that there are two impor¬ 
tant factors which are of consequence in the relation between intensity and 
velocity of the reaction: (1) the amount of absorption of the incident 
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radiation by the reacting system, and (2) the acceleration of the reaction 
on illumination. A photochemical reaction which follows less than direct 


TABLE 2 

Reaction between sodium formate and iodine {aqueous without potassium iodide) 
N/2C^ sodium formate; Ar/1125 iodine; Ar/400 borax (used as buffer) 


CONDITIONS 

TEMPEBA- 

TI’RE 

a: 

(hmmimo- 

LBf'l LAU) 

TEMPERA- 
TUBE COEF¬ 
FICIENTS 

QUANTUl 

YIELD 


•’6' 




Dark 

15 

0 03393 




20 

0 04166 

1 77 



25 

0 06012 



X ~ 3125 A.U. (range of transmission = 

15 

0 06101 


32 

3290-2961 A.U.) 

20 

0 07214 

1 45 

46 


25 

0 09921 


64 

X = 3340 A.U. (range of transmission = 

15 

0 05282 


31 

4063-2618 A.U. 

20 

0 06485 

1 52 

40 


25 

0 08835 


54 

X =* 3452 A.U. (range of transmission = 

15 

0 04865 


26 

3307-3598 A.U.) 

20 

0 06120 

1 57 

36 


25 

0 08329 


42 

X ~ 3512 A.U. (range of transmission « 

15 

0.04865 



3290-2961 A.U., 4023-4063 A.U.) | 

20 

0 06120 

1.57 


! 

25 

0 08329 



X = 4295 A.U. (per cent of transmission = 

15 

0 04418 



20.4; range of transmission = 4000- 

20 

0 05688 

1 61 


4590 A.U.) 

25 

0.07669 



X = 5700 A.U. (per cent of transmission = 

15 

0.04059 



16.2; range of transmission *= 5200- 

20 

0 05187 

1 66 


6200 A.U.) 

25 

1 

0.07119 i 



X = 6640 A.U. (per cent of transmission « 

15 

0 03859 



58.8; range of transmission =* 6280- 

20 

0 04696 

1.71 


7000 A.U.) 

25 

0 06809 



X •= 8500 A.U. (range of transmission = 

15 

0 03662 



8000-9000 A.U.) 

20 

0.04417 

1.75 



25 

0 06483 




relationship, becomes directly proportional or even great(‘r than propor¬ 
tional to the intensity of incident radiation, by increasing the dark reaction 
velocity and exposing it to radiation, slightly absorbed by the system. On 
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the contrary, a photochemical reaction which is nearly proportional to the 
square of the incident radiation or is directly proportional can be made to 
be proportional to the square root of the incident radiation by decreasing 
the dark reaction velocity. This is certainly one of the many reactions 
which have been proved by us to show a variable relation between the 
velocity and the light intensity or amount of energy absorbed (compare 
reference 4, pp. 340-4). 


TABLE 8 

Reaction between sodium formate and iodine (agueous solution containing a little 

potassium iodide) 


N/6.25 sodium fonnate; AT/d.T sodium acetate; N/204 iodine; N/4!JA potassium iodide 


CONDITION 

TXMPBBATDRX 

(SJCMl- 

MOLECULAR 

TBMPBRATUBa 

COBFPICIBNTS 


•c. 



[ 

20 

0.00883 

4.26 

4.17 

Dark. { 

30 

0.03760 

l 

40 

0.15686 

[ 

20 

0.01216 

3.95 

3 84 

X - 4295 A.U. \ 

30 

0.05076 

[ 

40 

0 20736 

[ 

20 

0.01104 

4.14 

4.04 

[ 

X - 5700 A.U.j 

30 

0 04676 

[ 

40 

0.19391 

f 

20 

0.010529 

4.19 

4.02 

X - 6640 A.U.< 

30 

0.04472 

1 

40 

0 18547 

f 

20 

0.00928 

4.22 

4.12 

X = 8500 A.U.1 

30 

0.03948 

[ 

40 

0.16461 


Temperature coefficients 

The results recorded in table 2 show that the temperature coefficient of 
the dark reaction velocity has the value 1.77 between 15°C. and 26®C., 
when aqueous solutions of iodine are employed. On the contrary the 
temperature coefficient has the value 4.26 between 20°C. and 30°C., and 
4.17 between 30°C. and 40'’C., when a little potassium iodide (iV’/47.4) is 
added to the aqueous iodine solution. Potassium iodide markedly retards 
the reaction. This is in agreement with the observations of N. R. Dhar 
(3), who showed that the temperature coefficient of a reaction falls off when 
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TABLE 4 


Relation between reaction velocity and light intensity 


EXPT. 

REACTANTS 

SOTIItCE OK LIGHT 

DIAMETER 
OP THE 
APERTURE 
IN CM 

DARK 

REACTION 

VELOf;iTy 

Ki (monomo- 

LECULAR 
AFTER DEDUCT¬ 
ING THE DARK 
REACTION 
VELOCITY 

A 

A/6.25 sodium formate; 

Total light from 

2 2 

0 00561 

0 00566 I 


A/6.7 sodium acetate; 

1000-watt lamp 

0 5 


0 00035 III 


A/204 iodine; KI, 


1 0 


0 001293 II 


1.0464 g. in one liter 





B 

A/6.25 sodium formate; 

Total light from 

J2 2 

0.00180 

1 

0 00472 I 


A/6.7 sodium acetate 

1000-watt lamp 

1 0 


0 00132 II 


(as buffer); A/204 


0 5 


0 00044 III 


iodine; A/47.4 potas- 






sium iodide 





C 

A/25 sodium formate; 

Total light from 

2 2 

0 00826 

0 00764 I 


A/1125 iodine without 

1000-watt lamp 

1.0 


0 00166 II 


KI; A/26.8 sodium 


0 5 


0 00060 III 


acetate 





D 

A/25 sodium formate; 

Total light from 

2 2 

0 00890 

0 00483 I 


A/1125 iodine; A/400 

1000-w’att lamp 

1 0 


0 00091 II 


borax (as buffer) 





E 

Same as in D 

Mercury vapor 

2 2 


0 01954 I 



lamp, X = 3340 

1 0 


0.00288 II 



A.U. 




F 

Same as in D 

X = 3125 A.U. 

2 2 


0 02083 I 




1 0 


0 00372 II 


EXPT. 

RATIO OF VELOaTIBS 

IF DIRECTLY 
PROPOR¬ 
TIONAL TO 
CHANGE IN 
INTENSITY 

EXPT 

RATIO OF VELOCITIES 

IF DIRECTLY 
PROPOR¬ 
TIONAL TO 
CHANl.B IN 
INTENSITY 

A 

I/II = 

4.37 

4.84 

c 

I/Il = 

1 

4 6 

4 84 


II/III « 

3 67 

4 0 


II/TII = 

3 8 

4 0 


I/III « 

16 07 

19 36 


l/lll = 

17 5 

19 36 

B 

I/Il =» 

3 57 

4 84 

D 

i/ii - 

5 3 

4 84 


II/III = 

3.0 

4.0 






I/III - 

10.7 

19 36 

E 

i/ii = 

6.7 

4 84 





F 

I/II = 

5 6 

4.84 
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it is accelerated and rises when it is retarded. Moreover, it will be ob¬ 
served that the temperature coefficient in ultra-violet light, which markedly 
accelerates the reaction, varies from 1.45 to 1.67 between 15®C. and 25®C. 
Hence it is clear that the greater the velocity of the reaction in light, the 
smaller is the temperature coefficient of the reaction. 

When the reaction is accelerated by infra-red radiations of mean wave 
length 8500 A.U., which affect the velocity much less than ultra-violet 
l%ht, the difference between the temperature coefficients of the thermal 
and photochemical velocities is much less. In radiations of wave length 
8500 A.U. the temperature coefficient between 25°C. and 15®C. is 1.75. 
In other words, the greater the acceleration of the reaction by light absorp¬ 
tion, the smaller is the temperature coefficient. 

CHEMICAL BEACTIVITY AND LIGHT ABSOBPTION 

We have measured the light absorption of the reacting substances sepa¬ 
rately and in mixtures by photographing their absorption spectra with 
Hilger quartz spectrographs Ei and Ej using a copper arc as the light 
source. The effect of increase in the concentration of sodium formate on 
light absorption on the entire spectrum, with a constant concentration of 
iodine and vice versa, has also been investigated photographically. The 
exposure for taking the photographs was varied from 7 to 45 seconds. The 
amount of chemical change during the period of exposure was negligible, 
and hence the products formed as a result of the chemical change from the 
reacting mixtures did not play any important part in effecting the light 
absorption. We have tested this by taking the photographs with 20 


Fig. 1. Visible and Ultra-violet Region 
From 5220 to 3247 A.U. Exposure «■ 45 seconds. Illford rapid plates 

Light absorption 

(1) Copper arc. 

(2) Ar/700 iodine. 5220-5105 A.U. 

5105-4680 A.U. 
4573-4441 A.U. 
3577-3426 A.U. 
3426-3282 A.U. 


(3) N/2 sodium formate. No absorption 

(4) Mixture of N/350 iodine with N sodium formate. 5220-5105 A.U. 

5105-3247 A.U. 

(5) N/4 sodium formate. No absorption 

(6) Mixture of N/2 sodium formate with iV’/350 iodine. 5105-4850 A.U. 

4441-3247 A.U. 

(7) N/S sodium formate. No absorption 

(8) Mixture of N/4 sodium formate with i\r/350 iodine. 5105-4441 A.U, 

4441-3266 A.U. 

(9) N/12.5 sodium formate.*. No absorption 

(10) Mixture of iV’/6.25 sodium formate with N/SSO iodine. 5105-4441 A.U. 

4441-3266 A.U. 
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spcuiids Hiul 7 s(‘(*onds pxi)()surp and found no p(*rc*f‘ptil)lp diffcwnct' in 
absorption. 

Fi^<ur(‘s I to 5 aio tlu' pliotographs taken with difTcTont eoneentrations of 
sodium f()nnat(‘ and a constant concentration of iodiiu* (acpKous), s(‘])a- 
rately and with mixtur<‘s. 

From the i)hotograph taken with N/2 sodium formate' and A77()0 iodiiu' 
separat(‘ly and their mixtures, it is evident that th(‘ iodine solution aloru' 
shows complete absorption from 2369 A.U., whil(‘ with sodium formate 
c()mj)l(‘t(‘ absorption begins from 2294 A.IJ., Imt in the mixture* ce)mple'te 
abse)rptie)n starts from 5216 A.U. It a])pe*ars, the'redore*, that the* pre‘se*uce* 
of soelium fewmate se*nsitizes the ele*e‘e)mj)ositie)n e)f ioeline me)l(‘cul(*s, which 
be*e*e)me‘s inactive' in radiatiems of le)nge‘r wave* k'Ugths em the* aelelitiem ol 
sodium fe)rmate‘. The aelelitiem e)f se)elium tormate* we*akems the* bineling 
fe)re*e*s e)f hale)g(*n mole*cule‘s, whie*h are re‘aelily bre)k('n up e'itlie*!’ by incre'asi* 
of te*mpe‘rature or illumination, anel thus ine*re'ase‘el light absorptiem has 
be*e‘n obse*rve*el with the mixture. He*ne*e‘ the* re*ae*ti\’ity e)f a. mixture* is 
pre*ce*ele*el by the fe)rmatie)n of an aelelitive* pre)eluct with the*. w(*ake'ning of 
the* })inding fe)re*e*s and incre‘ase*d light abse)rptie)n. 

Our e*xpe*rimental e)bse*rvations furthe*?- slum that the* ine*re*as(* in the* 
ce)ne*entratie)n of the re*elue*ing age*nt le'ads te) mem* light absorptie)n by the* 
mixture*. In e)ther wemls, the* highe*r the* e*e)ne*e*ntratiem e)f the re‘elue*ing 
agent, the* gre*ate*r is the* light abse)rj)tie)n by the* mixture* e)f the* re*elue*ing 
age*nts with the hale)ge‘ns. This may be elue* te) the* le)e)se'ning e)f the* binel- 
ing fe)re‘e*s e)f mem* e)f the ie)dine* me)le*cule*s, le*ading te) ine*re‘ase‘ in light ab- 
seirptiein, e*spe*e*ially eif visible and ultra’^viohi regions. 

It has alse) be*en e)bse*rve*d by us that the ele*e*re*ase* in the* e*once*ntratie)n e)f 
ieieline, ke*e*ping the* conc(*ntration e)f seielium feirmate* eainstant, te*aels te) a 
diminutiem e)f light abse)rptie)n l)y the* mixture, as is e‘le*ar freim the abe)ve* 
])he)t:e)graphs. It is inte*re*sting to neite that the* variatie)n e)f the* e*e)ne*entra- 
tie)n e)f ieieline* pre)duce*s me)re* marke*el e*ffe*ct e)n light abse)rptie)n by the* 
mixture* than whe*n the* e*e)ne*entratie)n e)f the* re*elucing age*nt is altere*el. 


Fig. 2. Visible and Ultka-violet Region 
From 5220 to 3274 A.U. lAposurc = 45 seroiids 


(1) Uop])er eirc 

(2) V/1400 iodine . 

(3) N/2 sodium formate . 

(4) Mixture of N sodium formate and A/700 iodine 

(5) A/4 sodium formate . . 

(6) Mixture e)f A/2 sodium formate and A/700 iodine 

(7) A/8 sodium formate .... 

(8) Mixture of A/4 sodium formate and A/700 iodine... 


1 mh( nh'oorplion 

5105 4573 A.U 
4573 4441 A U. 
No iihaorptioii 
4022 3260 A.U. 
No absorption 
3907 .3379 A.U. 
No absorption 
3775-3400 A.U. 
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Th(‘ observations of Fajans and Karagunis (5) on increased light absorp¬ 
tion by silver halides containing adsorbed silver and those of Weigert and 
Kellennann (7) on incr(‘as(*d light absorption by a mixture of (*hlorine and 
hydrog(‘n, and the increased light absorption observc^d by J. C, Ghosh and 
collaborators (6) with mixtun^s of organic substances and solutions of 
ferric* and menairic chlorid(\s and uranyl nitrate, etc., can be interj)n‘t,t'd on 
th(' viewpoint that the chcnnical reactivity of tlu*se various syst(»ins is 
associated with the weakening of the binding forces and ineniased light 
absorption. 

Our conclusions an* also su})ported by the obs(*rvations of Franck and 
Victor Henri, who showed that light absorption or inereasc'd teinpc'ratun* 
enhances the reactivity and the pow(*r to absorb light of gaseous inoleeul(\s. 
.Just as the physical agen(*i(*s like light absorption, inen*as(' of t(‘in])eratur(', 
etc., can loosen the binding forces of the molecule, so the introduction of a 
reactive chemical substance* into a light-absorbing syst(*m can w(*aken Wio 


Fia. 3. Ui/riiA-vioLET Region 


From 3247 to 2442 A.U. Exposure == 45 sccoiids 

(1) Copper arc ... 

(2) N/7i)i) iodine . 


(3) N/2 sodium formate 

(4) Mixture of N sodium formate and N/SnO iodine 

(5) iV/14(K) iodine . 


(6) N/A sodium formate 

(7) Mixture of N/2 sodium formate and A^/3.50 iodine 

(8) Mixture of N/2 sodium formate and N/7i)() iodine 


(9) N/S sodium formate . . 

(10) Mixture of A^/1 sodium formate and A'^/3.50 iodine .. 


(11) Mixture of N/4 sodium formate and iV/700 iodine . 


Ltfj/it tih'ioriHfon 


3000 2tK)l A.U. 
20()1 2821 A.U. 
2821 27r)r) A V, 
2700-2018 A.U. 
2000-2492 A.U. 
2492-2442 A.U. 
No absorj)Uon 
4'otal absorp¬ 
tion 

2901 2882 A.U. 
2880 2824 A.U. 
2824-2700 A.U. 
2729-2018 A.U. 
No absorption 
Total absorp¬ 
tion 

3194-2018 A.U. 
2018 onwards 
total 

No absorption 
3247 2018 A.U. 
2018 onwards 
complete 
3012-2018 A.U. 
2010-2492 A.U. 
2492 onwards 
complete 
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Figs. 4 and 5. Ultra-violet Region 
From 2406 to 2104 A.U. Exposure = 45 sec^onds 

(1) Copper arc . . 

(2) A^/700 iodine ... 


(3) N/2 sodium formate 

(4) Mixture of A/350 iodine and N sodium formate 

(5) A/4 sodium formate 

(6) Mixture of N/2 sodium formate and A/350 iodine* 

(7) Copper arc . 

(8) A/1400 iodine 

(9) Mixture A7700 iodine and A sodium formate . . 

(10) Mixture A/700 iodine and A/2 sodium formate. 

(11) A/8 sodium formate 

(12) A/4 sodium formate and A/350 iodine 

(13) A/4 sodium formate and A/7(K) iodine 


uhsorptwn 

2406-2398 A.U. 

2398 2392 A.U. 

2392 2369 A.U. 
and onwards 
complete 

2369 onwards 
conif)lete 

Total absorp¬ 
tion 

Fronj 2369 to¬ 
tal absorp¬ 
tion 

Total absorp¬ 
tion 


2369 A.U on¬ 
wards com¬ 
plete ab¬ 
sorption 

Total absorp¬ 
tion 

Total absorp¬ 
tion 

236‘) 2303 A.U. 

2303 onwards 
complete ab- 
sor])tion 

Total absorp¬ 
tion 

Total absorp¬ 
tion 
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force's of the iiiolecuh'. In other words, tlie [)r('senee of a reduciiifj; 
a^j;ent like* sodium fe)rmate' se'usiiize's the eleeonij)e)sitie)u e)f ioeline* inede^eule's 
and makes them re'aetive' in raeliatie)ns of lon^e'r wave' lemgths. It seems 
that chemical reae*tivity is associated with inen‘e'ase*el light ahsor])tion. 

SUMMARY 

1. The reaction between sodium formate anel ioeline* (aque‘e)us) in the* 
abse'iu'e e)f i)e)tassiuni ieuliele is unimok'cular in the dark and semime)le'cular 
in light. 

2. The temperature ce)effi(‘i('nt of the reactiem velocity betwe'cn ]r)°C\ 
and 25°(^ has the following value's: 1.77 (elark), 1.75 (8500 A.U.), 1.71 
(6640 A.U.), 1.66 (5700 A.II.), 1.61 (4295 A.U.), 1.57 (3512 A.U.), 1.57 
(3452 A.U.), 1.52 (3340 A.U.), and 1.45 (3125 A.U.). The* gre'atvr the' 
a(‘(‘e'le'ration due* to light, the* smaller is the* tf'mperature coe'fRcient. 

3. The relation between light intensity anel ve'lex'ity e)f the r('actie)n 
\’arie\s fre)m 7‘ to /k 

4. Einstein’s law of phe)te)chemical e'e]uivalence is not e)l)('yed. The* 
(|uantum yie'lel increase's with the temjK'rature' and the* freepie'ncy e)f the* 
ine'ideiit radiation. 

5. It has been observed that the light abse)rj)tie)n by a mixture e)f soelium 
formate and ie)dine is greate'r than the abse)rptie)n l)y the* ingreelients. The 
increasenl absorption appears t-o be due te) the* acti\'atie)n e)f the* ioeline' 
molee'ule'S by the prese’iicei of the* mede'e'ule'S e)f the* re'elucing agent. The* 
activation of the molecule's is associated with the' we'akening e)f the* bineling 
forces and consexpient increased light absorptie)n. 

The' incre'ase' in the' ce)ne'entratie)n e)f se)elium formate e)r ioeline* e*ause's .‘ui 
incre'ase* in the* light abse)r])tie)n by the* mixture e)f sexlium fe)rmate anel 
iexline. 
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THE ABSORPTION OF CAUSTIC SODA BY CELLULOSE 
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In a recent paper by Bancroft and Calkin (1) highly accurate data for 
the composition of the liquor removed by centrifuging a mass of cellulose 
impregnated with caustic soda solution are given. These authors make 
use of the change in concentration of the centrifuged liquor to determine 
the point where “adsorbed solution” begins to come off, and so to calculate 
the “true” adsorption as distinct from the “apparent” adsorption calcu¬ 
lated from the change-in-titer method. They do not emphasize, however, 
the importance of the fact that the concentration of the adsorbed solution 
removed by powerful centrifuging falls steadily as centrifuging proceeds. 

There appears to be no a priori reason why this should be the case, but 
it would follow if the concentration of free hydroxyl ion in the adsorbed 
solution is determined by the Donnan equation, as suggested by the 
author (2). 

The following values derived from the latter half of table 1 of Bancroft 
and Calkin’s paper demonstrate that this fall is very marked. 


CCNTRX7UQXKQ TIMI 
IKTCBVAL 

QBAMS RBMOVBD XN INTERVAL 

“interval’' centri¬ 
fuged LIQUID 

NaOH PER ORAM OF HlO 

NaOH 

H 2 O 

minutes 

grams 

grams 

grams 

o-i 

0.1573 

0.831 

6.1893 

H 

0.0120 

0.070 

0.171 

H 

0.0143 

0.086 

0.166 

1-3 

0.0064 

0 050 

0.128 
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Annual Tables of Constants, A.C. and Numerical Data Chemical, Physical, Bio¬ 
logical and Technological, published under the patronage of the International 
Union of Chemistry. Volume X. Two parts, about 1800 pages. New York: 
McGraw-Hill Book Co., Inc., 1930. Price (for subscribers): cloth, $20.00. 

This very useful volume covers the research published in 1930. All texts are given 
in both French and English. 

F. H. MacDougall. 

Hochpolymere organische Naiurstoffe. By H. Sabchtling. 22 x 14 cm.; vi -f 125 
pp. Braunschweig: Friedr. Vieweg und Sohn, 1935. Price: 8 RM. 

This is a neat little book, just the thing one wants nowadays when it is fast be¬ 
coming almost impossible to attend to one’s business and at the same time take an 
in tell igent interest in, let alone make proper use of, other people’s work. The struc¬ 
ture a nd properties of the high polymers and condensation products, natural and 
artificial, is a big subject which daily grows more and more important both for 
biology and industry, but the gist of it is well set out here, and the author is to be 
congratulated on his contribution. There are several other, and larger, books avail¬ 
able, each authoritative in its way, but Dr. Saechtling has tried to dissociate himself 
from any particular viewpoint or method of approach, and has concerned himself 
rather with bringing out as concisely as possible the essential unity of ideas that has 
now been reached. 

After a statement of the problem, the treatment falls into seven chapters, dealing 
in turn with the general chemical principles underlying the structure of the natural 
high. polymers, microscopic investigations, x-ray investigations, constitutional 
chemistry, structure and mechanical properties, artificial high polymers as an aid to 
understanding the natural high polymers, and natural growth structures, the whole 
being supported by a selection of more specialized textbooks and a list of no fewer 
than 239 references to original papers. For the most part the argument rests, of 
course, on cellulose, the proteins, and rubber, but it will be seen that the scheme is 
eminently reasonable, and there can be no hesitation about recommending this book 
to anyone looking for a rapid and up-to-date sketch of a field that is not merely of 
great technical significance but that lies at the very foundation of the science of life 
itself. 

W. T. Astbubt. 

Molekalspekiren und ihre Anwendung auf chemische Probleme, /. Tabellen. By 
H. Sponbr. 21 X14 cm.; vi + 154 pp. Berlin: Springer, 1935. Price: unbound, 
16 RM; bound, 17.60 RM. 

Customarily tables of data such as these would form an appendix to the main 
text of a comprehensive work. The plan here adopted of issuing the tables sepa¬ 
rately has the double advantage of enabling the author to revise the tables more 
frequently than the text and readers who so wish to have the tables without the text, 
which is to follow in volume II. The tables for diatomic molecules contain con¬ 
stants for all the known electronic states and band systems, observed isotope effects, 
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predissociationfli alternating intensities and nuclear spins, and electron impact 
processes. Most of tliem are based, as Dr. Sponer very generously acknowledges, 
on the corresponding tables in the reviewer’s Report (Physical Society, 1932), 
supplemented by more recent data and by columns giving electron configurations 
and dissociation products. For polyatomic molecules the tables, which are entirely 
new, cover infra-red and Raman spectra (with diagrams showing modes of vibration), 
electronic bands, and electron impact processes. Data published while the rest of 
the volume was in the press in 1934 and early 1935 are included in two supplementary 
tables. A brief explanation and a list of references accompany each group of tables, 
and the work is well indexed. Remarkably few omissions and numerical errors have 
been detected. The compilation, which represents a vast amount of careful work, 
will be invaluable to spectroscopists and chemists. 

W. Jevons. 

Gmelins Handhuck der anorganiachen Chemie, 8 Auflage. Herausgegeben von der 

Deutschen Chemischen Gesellschaft. System Nununer 53: Molybdan. 25.5 x 

17,5 cm.: xi + 393 pp. Verlag Chemie, 1936. Price: 64 marks. 

The present volume deals with the ores of molybdenum, the extraction, refining, 
and physical and chemical properties of the metal and its alloys, and with the chem¬ 
istry of the compounds of molybdenum, including the heteropolyacids. The treat¬ 
ment is very detailed and physicochemical aspects are well represented. The book 
contains a wealth of accurate and well-arranged information, and the literature is 
covered till the end of 1934, 

J. R. Partington. 

Kristallplaatizitdt By E. Schmid and W. Boas. 22 x 15 cm.; x + 373 pp. Berlin: 

Julius Springer, 1935. Price: 32 marks (paper covers), or 33.80 marks (bound). 

The study of crystal plasticity has made remarkable progress in recent years; 
this has been achieved by a number of workers largely independent of each other, and 
not infrequently approaching the problem with different aims. For example, the 
plastic nature of the crystalline state is of great importance to the engineer in his 
search for special alloys; the chemist and physicist, however, are more concerned to 
extract what they can to shed light upon the nature of the forces acting in the lattice. 
The authors of the present book have in fact provided an encyclopaedia of all that is 
at present known about these matters, with special reference to metals. 

The volume falls into three parts,—general, special experimental results, and the 
significance of the effects shown by single crystals. An idea of the scope embraced 
by the writers can be gathered from the list of references collected at the end, which 
number over seven hundred entries. 

The discussion of hardness in ionic crystals is exceptionally clear. Two points are 
stressed (which even to*day need underlining), firstly that hardness is not a definite 
quantity, but only has a meaning when expressed in terms of a particular method of 
determination, and secondly, that the time is not yet when we can link such observa¬ 
tions with crystal strength, and consequently, no doubt, with lattice properties. 
Scratch-hardness curves for rock salt and fluorite on the (100) and (111) faces are 
delightful illustrations of the anisotropy of a surface. The same is true of the pen¬ 
dulum method for rock salt on (001), yielding maximum values of about 0.5 with an 
intervening minimum as low as about 0.2. 

The price of the book is very high, but for those wishing to have all the information 
there is to be had about plasticity in crystals, this book should be uivaluable. As in 
the case of other Springer publications, the format is excellent. 

F,. I. G. Rawlins. 
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The Diffraction of X-rays and Electrons by Amorphous SolidSf Liquidsj and Gases, 

By J, T. Randall. 23 x 15 cm.; xii + 290 pp. London; Chapman and Hall, 1934. 

Price: 21s. 

In producing this book Dr. Randall has done a great service to science. Ever since 
the discovery, in 1912, of diffraction of x-rays by crystals our knowledge of the solid 
state has gone forward by leaps and bounds. And now, Dr. Randall produces a 
volume covering the field of diffraction of rays in non-crystalline media. His treat¬ 
ment is admirably logical. He begins with a short summary of the methods of crystal 
analysis by x-rays and electrons. This introduces the fundamental notion of the 
diffraction pattern of a crystal consisting of rays of different intensities and the 
effect on this pattern of decreasing the size of the crystal, as in this way is reached the 
liquid state, being the limit of infinite diminution of crystal size. Before passing to 
liquids, however, it is necessary to see what the diffraction effects of individual atoms 
and molecules are, and this can be determined by the diffraction of electrons and of 
x-rays in gases where the mutual diffraction of molecules is neglected. A description 
is given of modern methods of electron molecular analysis. The diffraction of 
liquids represents the superposition of effects of the individual molecules and their 
mutual position. 

Dr. Randall gives particular attention to the structure of liquid metals, water, 
and the paraffins. He proceeds from the study of liquids to the consideration of the 
glasses and gives a careful description of the phenomenon of vitrification. 

The remaining chapters are devoted to a discussion of fibers, the structure of sur¬ 
faces as revealed by electron diffraction, and finally the nature of liquid crystals. 

The treatment throughout is admirably clear. There is a full bibliography. The 
whole of the subject is still in a controversial state, but Dr. Randall is fair and re¬ 
served in his conclusions. Anyone who has read this book will have acquired a 
knowledge of the structure of liquids and glasses which is bound to be of great value 
in dealing with both the chemical and physical sciences. 

J. D. Bernal. 


Principles of Phase Diagrams. By J. S. Marsh. 193 pp. New York: The Mc¬ 
Graw-Hill Book Company. 

This excellent work purports to provide a ‘'moderately strong grounding in the 
principles of the phase theory,'^ but it does considerably more than that. It fur¬ 
nishes a skeleton for the study or review of a generous slice of the field of fundamental 
thermodynamics. It is by no means a book that can be skimmed, as the reviewer 
soon discovered. In the foreword Dr. John Johnston warns that it is not for the 
casual reader and "even the studious reader will find that he must himself do a deal of 
hard thinking.’^ 

The book apparently evolved away from the original idea. It is one of the Alloys 
of Iron Research Series and was originally intended as a utilitarian key to point the 
way to interpretation of some of the numerous phase diagrams with which mctallo- 
graphists and metallurgists are always struggling. Undoubtedly there is call for a 
key. As the plan for the work progressed, it soon became evident that a detailed, 
cook-book sort of explanation for a few diagrams would not fill the bill,—that an 
exposition of underlying principles was what was needed. Thus the book finally 
evolved into a "generalized treatment, to appear as a special monograph of the series, 
which would at once care for the needs of the student, the chemist, the metallurgist, 
or any other person confronted with a problem of so-called heterogeneous equilib¬ 
rium, whether his interest be in organic, inorganic salt or metallic systems.’^ The 
author has undoubtedly succeeded in putting the requisite material in his allotted 
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187 pages of text material^ but if he expects the average '^etudefiti ehexulat or metal* 
luigist’* to be abk to master it, he has dieoidedly overshot his mark. 

As it stands, it is a book for the experts^ though in the preface the author seems to 
apologize because he did not ^knter the field of advanced phase theory or of philo* 
sophic argument/’ Even at that he is working considerably over the heads of those 
wi^ are going to be the greatest users of the books of the Alloys of Iron Research 
Series. It is a book for experts, because the material is for the most part presented 
in the abstract or a generalized form; not as abstractly as Gibbs presentations by any 
means, but the treatment is usually too general to build up clear physical concepts. 
That the reader must do for himself, and he must have a considerable background of 
experience in that sort of thing. 

In a few cases the author must have felt that he was throwing out a morsel a little 
too tough for the intended audience and therefore tried to '^write down” to the field; 
he usually overdid'it. For example, he uses almost two pages to explain the very 
simple items of mass percentage, ^^often called (erroneously) weight percentage,^* 
and mole percentage, but in the next chapter he uses only a little over one-half a page 
to explain a subject fully one hundred times as involved,—the conditions of thermo¬ 
dynamic equilibrium. He also seems to spend a great deal of time in polishing his 
definitions to the point of fastidiousness. 

Though the title of the book and the preparatory intentions may be somewhat 
misleading, that does not detract from its excellence. For the well-trained physical 
chemist, well versed in heterogeneous equilibria, it is an excellent review and gives 
many new viewpoints. For the average person who will be interested in phase 
diagrams, this book should be labelled as a base camp in a wilderness of considerable 
complexity. It should be the frame work for a reading course of considerable magni¬ 
tude, a place to which the explorer can return at frequent intervals to replenish his 
supplies, but not, it is feared, to rest. The work would be useful to a great many 
more people if there were more complete and specific references for outside study. 
This is especially necessary to help build up physical concepts by illustration of 
known physical phenomena. 

The average person who becomes interested in phase diagrams is one who has had 
a certain amount of physical chemistry and perhaps thermodynamics, but is by no 
means an expert in heterogeneous equilibrium. He suddenly has good reason to 
learn more of the significance of the complex labyrinth of some ternary diagram. 
He soon discovers his shortcomings and decides to study up a bit. Such a person 
should not be advised to take this book undiluted. The reviewer would recommend 
that he first brush off some of the dust by reviewing portions of one of the simpler 
college texts on physical chemistry, Getman’s perhaps. Then he should work over 
the applicable portions of the section on heterogeneous equilibrium in Taylor’s 
Treatise on Physical Chemistry. After this “warming up” period, he should take up 
Marsh’s Chapter I, on “Fundamentals.” This chapter may then seem very simple, 
but that is an illusion, for the background study is essential to master all the concepts 
involved. The student should then jump over the long and meaty Chapter II, 
“Fundamentals (Continued)”, and study the chapter entitled “Systems of One and 
Two Components.” After that it is time to leave Marsh for a while. The student 
needs some outside work at this point to help build up concepts for the three-com¬ 
ponent system. Passing over all the pedagogical efforts in this field, there is prob¬ 
ably nothing that will help as much in giving a person an understanding of a com¬ 
plicated three-component system as Rankin and Wright’s outstanding article on 
'^he Ternary System CaO-AhOHSiOa” (Am. J. Sci. [4] 89, 1-79 (1916). A side 
exeursimi into Findlay’s Phase Ride might be interesting but not necessary. Alter 
the student has gone this far he can probably interpr^l^st phase diagrams with 
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considerable confidence and facility. If he wishes to go deeper into the subject he 
should now return to Marsh's Chapters IV and V on ternary systems, provided he is 
ready to do some serious studying. He may profitably continue into the chapter on 
“Conclusions/' where systems of more than three components are discussed. 
If by this time the student is interested in the real fundamentals of the subject, he 
may turn to Chapter II “Fundamentals (Continued).'' He will got a good review of 
parts of his thermodynamics and might find it profitable to refer to portions of Lewis 
and Randall's Thermodynamics and Planck's Treatise on Thermodynamics. In addi¬ 
tion to this he will find some interesting discussions on the properties of non-perfect 
solutions and intermolecular forces. After completing this course of study the 
student will feel that he has been to places of considerable consequence, but the long 
journey is necessary if one is to get a real understanding of the material in Marsh's 
book. The short distance between the covers is deceptive. Do not be misled. 

C. Furnas. 

The Optical Basis of Chemical Valence. By R. de Kronig. Cambridge Physical 

Chemistry series. 237 pp.; 67 figs. Cambridge University Press. 

The modern ideas of atomic and molecular structure arc discussed briefly. Most 
of the mathematical formulas are stated without derivation. Any otlier procedure 
is of course impossible in the space of this volume. The book best lends itself 
therefore to obtaining a general view of modern thought in the fields of structure of 
atoms and molecules as derived from spectroscopy. The nature of chemical binding 
and dissociation are dealt with on a modern basis. The beginning student can get a 
good survey of the field, and the advanced reader will enjoy the clear concise style in 
which the book is written. That the author has succeeded in covering the field re¬ 
markably well is shown by the chapters into which the volume is divided: I. Intro¬ 
duction. II. The investigation of atomic and molecular structure by means of x- and 
cathode rays. III. Atomic spectra and the periodic system. IV. Band spectra and 
chemical binding in diatomic molecules. V. Band spectra and chemical binding in 
polyatomic molecules. VI. Optical and thermal dissociation. Each chapter ends 
with a bibliography and a list of references to the original literature. A special table 
of the electron configuration of the elements is appended. Any reader who would 
use this volume as a guide to a study of modern chemical physics and follow some of 
the literature cited, would gain a very complete picture of this fascinating subject. 

George Glockler. 
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